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diagnostics, and an optically shaft-encoded, digitally controlled planetary system.
In addition, a scanning spectroscopic ellipsometer was constructed for analysis of a
broad range of thin film parameters.

The focus of the research evolved early on in the program to incorporate an
extensive theoretical and experimental study of the charge carrier dynamics in the
active electrooptic/photoconductive device layer, and to determine the impact of such
exposure-induced charge distributions on the sensitivity and resolution of the devices.
The electric field distribution for the full three layer dielectric problem was solved
analytically for the first time, incorporating layer thickness, layer dielectric con-
stants, and point charge location in the resultant expression. A longitudinal charge
transport model was developed to determine the effects of device constitutive, material,
and exposure parameters on the resultant longitudinal charge distribution. These results
allowed for the calculation of the resultant sensitivity and resolution by means of a
Greens function method. Most importantly, it was demonstrated that very large improve-
ments in both sensitivity and resolution can be achieved through optimized device design
and operational mode. Experimental results on devices constructed during the course of
the research program conclusively supported the theoretical predictions.

A novel spatial light modulator concept (the Photorefractive Incoherent-to-
Coherent Optical Converter) was discovered during the course of the program that operates
on the principle of selective spatial erasure of a holographically written diffraction
grating. This device offers surprisingly good performance at a very low fabrication
cost compared to all other currently available devices.
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1. INTRODUCTION

Of critical importance to the eventual performance of numerous coherent optical
image processors and highly parallel computers is the development of a high speed,
recyclable, linear, high resolution, selectively erasable image storage transducer operable
in nearly real time. Applications for such a transducer abound, including incoherent-to-
coherent conversion, pattern recognition and image feature extraction, level slicing, edge
enhancement, low light level image integration, scratch pad memory, and page
composition for data entry in holographic memory systems. In response to this need, a
wide variety of candidate devices have been proposed in the past ten years, based on
photochromic, liquid crystal, photorefractive, magnetooptic, electrooptic, deformable
membrane, thermoplastic, photodichroic, and ambidextrous effects in numerous
conﬁgurations..(seo, for example, [1] and [2]). The device category comprised of
Electrooptic Spatial Light Modulators contains a number of leading candidates, due to a
combination of wide dynamic range, high sensitivity, intermediate storage time, relative
simplicity of construction and operation, and long torm'durability. This category includes
the Pockels Readout Optical Modulator or PROMKI;.}], a Soviet modification of the PROM
called the PRIZ [5, 61 the Microchannel Spatial Light Modulator '(’ﬁSLM) (7, sﬂ the TITUS

* (e"-beam DKDP) ‘[9,' 10} - and photo-TITUS >(SO-DKDP) {10l' and the Photorefractive

Incoherent-to-Coherent Optical Converter,[11, 12, 13]
e

4

The PROM is a two-dimensional spatial light modulator and image storage device
comprised of a thin electrooptic crystal sandwiched between transparent insulating layers
and transparent conducting electrodes. In operation, an input-image intensity distribution
creates elactron-hole pairs near one electrooptic crystal insulating layer interface- which
separate under the influence of an applied field. This charge separation results in a
redistribution of voitage between the electrooptic crystal and insulating layers. A two-
dimensional electric field replica of the input intensity distribution is thus created which
can be read out utilizing polarized light (of wavelength beyond the photoconductivity
edge for nondestructive readout) via the linear electrooptic effect. Both transmissive and
reflective readout schemes are possible, as are both amplitude and phase modulation.

The PROM relies for its successful operation on the rather unique combination of
properties required of the active electrooptic material. These properties include
photoconductivity with high quantum efficiency, optical transparency in the visible
spectrum, 8 large dielectric constant, very high resistivity, and a sizeabie electrooptic

.
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effect. In addition, the usual materials constraints must be satisfied, including ease of
growth, control of crystal perfection, and reproducibility of critical characteristics. At the
present time, bismuth silicon oxide (Bi,,SiO,,) is the material of choice for the PROM on

the basis of the above requirements.

Bismuth silicon oxide (BSO) is & cubic (space group 123), photoconductive,

@ electrooptic, semi-insulating material that has found applications in a number of

technologically important devices. In addition to its unique qualifications for use in the

Pockels Readout Optical Modulator and the PRIZ (a Soviet version of the PROM utilizing

crystallographic orientations of BSO other than <001>), BSO has been reported as having

® among the highest known photorefractive sensitivities for read-write volume holographic

storage with associated high-quality image reconstruction [14, 151 Real time double

exposure interferometry with BSO crystals utilized in a transverse electrooptic

configuration has been achieved, offering new fiexibility to nondestructive test procedures

[16) Furthermore, Bi,,Si0,, belongs to a family of isomorphic compounds that may find

wide application in integrated optics [17] The importance of bismuth silicon oxide to

these optical device applications is supplemented by equally intriguing acoustic

@ propagation characteristics, which have guaranteed its usefuiness in various surface
acouitic wave (SAW) device configurations (18]

Major features of the operational physics of the PROM that determine its suitability
for specific applications in optical processing include resolution, sensitivity, charge
transport, and operational modes (including prime, superprime, and erasure). All four of
these important characteristics can be shown to be fundamentally interrelated and
dependent on the device material and constitutive properties (including, for example, the

¢ thickness and dielectric constants of the dielectric blocking layers), as well as on the
charge dynamics of the bismuth silicon oxide layer during exposure to writing
illumination. Previous treatments of electrooptic spatial light modulator resolution
(through calculations of the ideal electrostatic modulation transfer function) [19, 20]
® neglected important space charge redistribution effects, and hence could not be
compared directly with experiment. The one dimensional charge transfer model of
Sprague [21] was advanced to predict the wavelength dependence of the exposure
sensitivity, but has been shown to contain several errors. Under the ARO-funded
research program, a comprehensive model of the sensitivity and resolution of electrooptic
spatial light modulators has been developed which resolves many of these previous
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shortcomings, as described in detail in Section 3. In particular, the model allows

examination of the mechanism involved in the resolution-enhancing “superprime” mode of
operation [22]

A novel electrooptic configuration has been proposed for PROM-like devices that
utilizes only transverse electric field components instead of the usual use of longitudinal
field components in the traditional PROM structure [5, 61 Such “PRIZ* (a Soviet acronym
for “image transducer”) structures were reported to exhibit enhanced resolution and
sensitivity, as well as orientational selectivity, dc suppression, and (in a modified PRIZ
device) dynamic change detection (sensitivity only to the component in the image that
changes with time at greater than a threshold rate) [23, 24, 25, 26]. The sensitivity and
resolution characteristics of the PRIZ-type devices have been modeled, and compared
with corresponding PROM characteristics [27, 28, 29, 30, 31, 321 This comparison
revealed a strong dependence on device operating mode, input wavelength, applied bias,
and integrity of the dielectric blocking layers (31, 32] Further, significant signal-
dependent phase modulation was discovered for the PRIZ geometries that does not occur
in the PROM [28] These considerations led to the discovery of a modified PRIZ
configuration that promises to circumvent a number of PROM and PRIZ shortcomings [33]).
Details of this new device are provided in Section 3.

The Microchannel Spatial Light Modulator [7, 8] has been developed by Prof.
Cardinal Warde at the Massachusetts Institute of Technology. Fundamentally, it is an
image-intensified version of the TITUS [9, 10] device, in which an electron beam is
utilized to deposit spatially-modulated charge on the surface of an electrooptic crystal.
The charge pattern is sensed by means of the longitudinal or transverse electrooptic
effect, in direct analogy to the readout method employed for the PROM and PRIZ. In the
MSLM configuration, gain is provided by a microchannel plate, which both accelerates and
muitiplies electrons emitted from a photocathode to resuit in enhanced charge deposition
per incident photon. Adjustment of the gap potential between the microchannel plate and
the crystal surface allows for both positive and negative writing modes, and for numerous
optical processing and optical logic functions [34]. Results of a collaborative effort to
further understand and improve MSLM device performance are described in the Research
Program Summary.

Another exceedingly interesting electrooptic spatial light modulator is the
Photorefractive Incoherent-to-Coherent Optical Converter [10, 11, 12). This novel device
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is based on volume holographic storage in photorefractive materials such as bismuth
silicon oxide. In operation, an incoherently-illuminated image plane is used to selectively
© erase a uniform volume phase grating in the BSO crystal, resulting in a two—-dimensional
incoherent~to-coherant conversion. Aithough the write, read, and erase functions are
conceptually distinct from those characterizing the PROM, many similarities in device
physics exist such that contributions to understanding in one case lead naturally to useful

implications in the other.

Prospective Department of Defense applications for this array of real time image

storage devices are numerous. The PROM, PRIZ, MSLM, and/or the PICOC devices are

o expected to be particularly useful in pattern recognition (friend/foe identification, smart
tracking systems, geodetic and terrestrial agricultural surveys, celestial navigation
systems), feature enhancement and feature extraction, data compression prior to
bandwidth-limited transmission, and optical computing (high speed algorithms for two-
dimensional calculations). In addition, the real time formation of synthetic aperture radar
images has recently been demonstrated utilizing_ an electrooptic spatial light modulator
[351 which provides exceptional weight, power, size, and cost advantages over
o competitive all-electronic approaches. Photorefractive devices exhibit tremendous
promise for real time holographic nondestructive testing [36], and for the implementation

of certain classes of nonlinear functions [37] on two-dimensional images for use in

feature identification and topographic analysis. Furthermore, they are envisioned as

® potential solutions to the problem of dynamically programmable optical interconnections

for VLS| and wafer-scale integrated circuits [38, 39]
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2. STATEMENT OF TECHNICAL OBJECTIVES

® The primary objective of this research program was to develop methods of
enhancing the sensitivity and resolution of Electrooptic Spatial Light Modulators such as
the Pockels Readout Optical Modulator (PROM) (3, 4] and the PRIZ [5, 6]. The initial
approach was to explore the utilization of sputter-deposited inorganic refractory oxide
® coatings of high dielectric constant, high dielectric breakdown strength, and high
resistivity as dielectric blocking iayers in the various devices. The potential advantage of
such coatings is significantly enhanced device resolution as the dielectric constant is

increased toward that of the active electrooptic crystal layer (¢(BSO) = 56 €,), and as the

b layer thickness is reduced (while maintaining high voltage standoff capability).
In parallel with the approach focused on dielectric blocking layer modification, a
theoretical and experimental effort to determine the contribution of volume space charge
® redistribution effects to the sensitivity and resolution of Electrooptic Spatial Light
Modulators was undertaken. It was discovered early on that the effects of charge
redistribution were quite striking, and the research program was subsequently reoriented
to focus primarily on device physical understanding that could be utilized to optimize the
A design and operation of available devices.
The principal results of these investigations are summarized in the following
Section.
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3. SUMMARY OF RESEARCH PROGRAM

As described in Section 2 (above), the completed research program was
characterized by two principal efforts undertaken in order to improve the resolution and
sensitivity of Electrooptic Spatial Light Modulators. The principal resuits are summarized
in separate sections below, comprising Section 3.1, "Dielectric and Optical Properties of
Sputtered Thin Films” and Section 3.2, “Fundamental Properties of Electrooptic Spatial
Light Modulators”.

3.1 DIELECTRIC AND OPTICAL PROPERTIES OF SPUTTERED THIN FILMS

The initial approach to the objective of fmproving the resolution and/or sensitivity
of Electrooptic Spatial Light Modulators involved replacing the traditional dielectric
blocking layers of the PROM (vapor deposited parylene, poly-chloro-para~xylylene) with
inorganic sputter-deposited layers. The goal was to obtain new blocking layer coatings
characterized by enhanced dielectric constants (of order 50), enhanced dielectric
breakdown strength (to allow reduction in the layer thickness), and high volume

resistivity. These coatings would provide several additional benefits as well. First, they

would likely exhibit reduced scattering relative to parylene (with ‘a concomitant
enhancement in the Fourier plane signal-to-noise ratio). Second, they should exhibit
improved resistance to humidity-induced dielectric breakdown (a notorious difficuity with
organic coatings). Finally, the inorganic coatings should be stable under UV irradiation,

and hence be free from the photodecomposition effects observed with parylene coatings.

This portion of the research program was undertaken in collaboration with a
separately funded program at Itek Corporation, Lexington, Massachusetts (Sputter
Deposition of Dielectric Thin Films, DAAG29-77-C-0027; Dr. Ralph E. Aldrich, Principail
Investigator; Final Report: February, 1980). The collaboration was to consist of initial
development of novel coatings at Itek, followed by extensive deposition parametrization
and thin film characterization at USC. Due to the fact that the Itek effort was
discontinued within a few months of the onset of the USC program, the desired
substantive collaboration was not feasible. Nonetheless, membaers of Itek Optical Systems
Division (notably the principal investigator, Dr. Ralph E. Aldrich) provided us with an
excellent starting base, and continued to interact with our program in a significant way
throughout the course of the research effort.

The first major effort undertaken was the choice of deposition technology, and

PSS LA TR CGN &

.
a_R e

1

LR R S

. o

4 PLILVLFLPLE AN | SN

a’e

LRI PLY ad PAPSTWPRSIGI W g F @ P P Py 4 R LR PAPL

AT IAAR LGS S YTV L AR I XN Poof L LI,

P4



construction of an appropriate deposition facility. As outlined in detail in the original
grant proposal, RF magnetron sputtering was initially chosen as a technique offering
significant advantages for the deposition of inorganic refractory oxide coatings such as
§i0,, TiO,, HfO,, Ta,0, ZrO,, and others. These advantages include high deposition rates,
separation of target from substrate, independent control of reactive ambient, and the
relative elimination of fractionation characteristic of traditional electron beam and

resistance heating techniques.

Although a system design was completed for an RF/DC multi-gun sputtering system
in the first few months of the grant period, fabrication difficulties and parts shortages
caused the contractor (Sloan Technology, Santa Barbara) to delay system delivery until
the end of the second grant year. As a result, progress on this program aspect was
delimited relative to the initial plan, which led to a substantial program redirection (as

described more fully in Section 3.2 below).

The assembled system is shown schematically in Fig. 1. An all-cryogenic vacuum
station was assembled to allow for the maintenance of high vacuum conditions in an
organic-free environment. This consisted of a three stage cryosorb forepump manifold
and a CTI-Cryogenics CTI-8 Cryopump. A UTI Mass Spectrometer with differential
turbomolecular pump is used with variable orifices to allow precise determination of
constituent ambient gases during pumpdown and also during deposition. An
argon/oxygen ratiometer/controller is being added to allow accurate control of the
reactive gas mixture during the deposition process. The sputter-deposition sources
include two Sloan S-310 Sputterguns (cylindrical magnetrons thai employ 3" diameter
hot-pressed targets) and an L.M. Simard PLASMAX Triode Sputtergun (a planar triode for
1" diameter single crystal targets). A 3 kW RF supply and a 2 kW DC supply provide
either RF (for dielectrics) or DC (for metais) power to the plasma of the S-310 guns
through integrated matching network. A 500 W RF supply and matching network supplies
power to the substrate planetary fixture to allow for pre-deposition substrate cleaning
and bias sputtering with independent plasma control during deposition. Control
electronics and an RF matching network for the PLASMAX sputtergun allow independent
control of the DC plasma current drawn between an anode and cathode, and of the
fraction impinging on the target.

Initial system calibration runs were performed with Al targets in the S-310 guns,
resulting in extremely durable and adherent coatings that could be used for determination
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of the dependence of film thickness on source-substrate separation, and radial profiles
(both stationary and under full planetary motion). It should be noted that the planetary
system is unique in its capability for digital control {(using an optical shaft encoder) of
independent planet/sun rotation rates, fixed planetary positions, and shutter position. This
allows for substantial flexibility in deposition mode selection, allowing for multilayer
sequential thin film depositions on a single planet, or highly uniform deposition on a large

number of substrates under full planetary motion.

Subsequent to the calibration runs, film coatings of both indium tin oxide (for
transparent conductive coatings) and silicon dioxide (for transparent dielectric blocking
layers) were deposited from the cylindrical magnetrons. The ITO coatings were of very
high quality, provided 0z was bled into the system at base pressures of approximately
107* - 1072 Torr to mix with the Ar ambient. These films were utilized as transparent
counterelectrodes on a wide range of PROM and PRIZ devices. The silicon dioxide
coatings obtained from hot-pressed cvlindrical targets (supplied by Sloan Technology)
were of disappointing quality, exhibiting significant current ieakage and fieid-bias effects
(likely due to incorporated Na ions). However, silicon dioxide coatings deposited from
ultra high purity gquartz (semiconductor-grade furnace tubing) were of considerable
interest, particularly when deposited under conditions of reverse bias sputtering. Under
such conditions, significant improvements in both film resistivity and film density (as
determined ellipsometrically in comparisoh of the index of refraction with bulk values)
were observed. These results are preliminary in nature, and are under continuing

investigation with support from other sources.

Characterization of as~deposited thin films is complicated and, at times, frustrating.
in order to gain maximum information from each sputtered coating, we designed and
constructed a computer—controlled spectroscopic ellibsometer in collaboration with Prof.
Anupam Madhukar (USC Department of Materials Science), as described in detail in
succeeding paragraphs. Wavelength-dispersive ellipsometry is capable of providing
macroscopic (index dispersion, absorption coefficient dispersion, film thickness, real and
imaginary dielectric functions, etc.) as well as microscopic {(grain-size, thickness
inhomogeneity, etc.) information about deposited optical coatings. Such information is
vital to the development of optimized coating procedures for multi-parameter deposition

techniques.

The spectroscopic ellipsometer facility comprises a laboratory containing an optical
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table; the ellipsometer optics and electronics; an array-processor based computer for real
time on-line data analysis, reduction, and interpretation; several terminals with associated
high resolution monitors for data entry, experimental control and theoretical modeling
studies; and a sample preparation area. The ellipsometer has been designed initially with
several goals in mind, following the pioneering and detailed investigations of Aspnes [50]):
broad wavelength region of data collection capability, high speed data collection and
essentially real time data reduction and analysis, and associated interactive theoretical
modeling and fitting. To this end, the initial design parameters for the ellipsometric
system have included: a wavelength range of 8000 to 2000 A (1.6 eV to 6.2 eV) in a
maximum of 600 steps of 2 A each, automatic integration of ellipsometric amplitude and
phase measurement cycles for improved signal to noise ratio, real time Fast Fourier
Transforms of the measured ac signal for rapid data accumulation and manipulation, and
optimized overall accuracy in measurement of the dielectric function to 1 part in 103 with

a relative precision of 1 part in 105.

The optical design is best described with reference to Fig. 2. A Xenon arc lamp
(150 W with F/1 UV grade collimating optics) acts as the light source, and is incident on
the mounted sample at an incidence angle of 70° after passage through appropriate
filters (to eliminate unwanted infrared irradiation on the polarizer and sample) and a
synchronously rotating Rochon priSm polarizer. An aperture is employed to separate the
ordinary ray from the unwanted extraordinary ray. The reflected beam is passed through
a programmable angle Rochon prism analyzer, and is subsequently focused onto the
entrance slit of a double pass monochromator with holographically ruled gratings. The
signal beam emergent from the monochromator is detected with a high quantum
efficiency photomultiplier, the output of which is current-to-volitage converted, digitized,
and entered in the computer. The PMT power supply has provision for digital input so
that the gain can be controlled to keep the PMT in its most linear regime regardless of
the wavelength variation in light intensity from the source and variations in sample
reflectance/absorbance. The rotating polarizer is optically shaft encoded to allow
digitization of its rotation angle (in 256 increments) and consequent absolute phasing. A
progtamimblo shutter has been incorporated to provide automatic baseline compensation
(dark current normalization) at each wavelength step, if desired. The sample is mounted
on a flexible six degree of freedom sample hoider that allows high orientational precision
in alignment of the optical train.
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Control of the apparatus, data collection, data reduction and error analysis, and

theoretical modeling are implemented by means of an LS| 11/23 mainframe with
associated array processor, disk drive, input/output terminals, high resolution
plotter/monitors, and a line printer/point plotter. The array processor allows a 256 point
discrete Fourier transform to be performed in 50 msec. following data collection and

signal averaging at each wavelength.

Primary system extensions planned for the near future include capability for dry box
(inert gas) sample handling and continuous inert gas overflow during measurement, an
ultra-high vacuum system for research requiring atomically clean surfaces (in materials
systems where adatom reactions are likely to distort the measurements), associated mass
spectrometric residual gas analysis capability, provision for glow discharge cleaning of

surfaces in_situ prior to measurement, and extension of the wavelength region of system

capability to the near infrared (1.6 eV to 0.5 eV).

At the present time, the ellipsometer is fully operational, and calibration runs are in
progress. The potent combination of sputter depdsition facilities and a wavelength-
dispersive ellipsometer developed under this research program will provide extensive thin
film deposition and analysis capabilities for a wide range of applications in optical

devices. Research in these areas is continuing under separate funding.
3.2 FUNDAMENTAL PROPERTIES OF ELECTROOPTIC SPATIAL LIGHT MODULATORS

During the course of the research effort on sputter-deposited coatings, it was
discovered that volume space charge eﬁects within the active electrooptic crystal layer of
ESLMs such as the PROM could have a demonstrably large impact on the resultant
resolution and sensitivity of the devices. With the encouragement of our ARQ technical
monitor, Dr. Issai Lefkowitz, we redirected a substantial portion of the research effort
toward the investigation of this dependence. This redirection resuited in a wide range of

theoretical and experimental discoveries, as described in succeeding paragraphs.

The theoretical and experimental investigation of the factors affecting resolution and
charge transfer dynamics in electrooptic spatial light modulators such as the Pockels
Readout Optical Modulator (PROM) (3, 4], the PRIZ (5, 6], the Microchannel Spatial Light
Modulator (MSLM) [7, 8], and the photo-DKDP [10] and electron-beam-DKDP [9, 10] image
storage devices is now nearly complete. The theoretical approach to the resolution
problem initially involved deriving the electrostatic field distribution from -a fixed
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distribution of point charges located at the interface between two dissimilar dielectrics
bounded by ground planes. The electric field modulation resulting from a longitudinal
distribution of charges of given transverse spatial frequency can be directly related to the
exposure-dependent modulation transfer function of the device. We have obtained an
analytic expression for the Fourier transform of the voltage distribution from a single

point charge (which is also directly related to the modulation transfer function) for the full

i WAPRAPUAA ol S5 oing

three layer dielectric problem, and have extended the theory to include the dependence of K8
the voitage distribution on the point charge location within the electrooptic crystal. The
resultant analytic expression contains the dielectric constants of the blocking layers and
electrooptic crystal, and the thicknesses of the three tayers, as well as the location of the
point charge. This formulation allows the effects of charge trapping within the bulk of
the electrooptic crystal to be modeled. In particular, the low spatial frequency response
decreases linearly, and the high spatial frequency response decreases exponentially with
the distance of the point charge from the electrooptic crystal/dielectric blocking layer
interface. Thus the overall sensitivity and resolution are degraded strongly by charge
storage in the bulk away from the interface.

Utilizing superposition, this formulation has been further extended to accommodate
arbitrary charge distributions of significant physical interest. In particular, an iterative
exposure-induced charge transfer and trapping model has been formulated to calculate
the charge distribution throughout the electrooptic crystal layer resulting from optical
exposure at various wavelengths. The charge distributions so obtained have been utilized
to calculate the dependence of the device modulation transfer function on exposure level,
exposure wavelength, device operational mode, mobility-lifetime product, and device
configurational and constitutive parameters. The resuits indicate tl'\at very large variations
in both sensitivity and resolution can resuit from differences in these parameters. For
example, a substantial improvement in the resolution is achiovad' as the writing
wavelength approaches the band gap of the electrooptic crystal. Such improvements are
quite striking in experimental device resolution tests. In addition, it has been shown that
in the limit of high spatial frequencies, the modulation transfer function decreases as the

_ inverse square of the spatial frequency regardiess of the particular shape of the charge '
distribution. The shape of the charge distribution does, however, influence both the
device exposure sensitivity and the spatial frequency above which the modulation transfer
function asymptotically approaches the inverse square dependence on spatial frequency.




Application of these resuits has been made to a wide variety of PROM device
design cases (including both symmetric and asymmetric devices) and specialized
exposure conditions (particularly x-ray [40] and electron-beam [41] sources), as well as to
other types of electrooptic spatial light modulators such as the MSLM and photo-DKDP
devices. Furthermore, the theoretical formulation allows investigation of possible

® voltage-modulated recording techniques for resolution enhancement (such as the
“superprime mode” [3]), and of flash erasure sensitivity and completeness. These results
have numerous implications with regard to improving eiectrooptic spatial light modulator
device resolution [ARO Pubs. 1, 2, 3, 4, 5, 6, 10, 11, 12, 13, 14, 16, 17].

PROM-like structures have been investigated [5, 6; ARO Pubs. 3, 4, 5, 6, 12, 13, 14]
that were reported to exhibit significantly enhanced resolution and sensitivity relative to
traditional PROM structures. Such devices are fabricated from bismuth silicon oxide
® crystals orientoq along <111> and <110> axes, as opposed to the usual <001>
orientation. In these orientations, the longitudinal electrooptic effect does not contribute
to the resultant image amplitude (as in the traditional <001> orientation). Instead, these
novel configurations utilize the transverse electrooptic effect deriving from transverse

o fields within the bulk of the electrooptic crystal, induced by spatially varying components

of the input image distribution. Since the electrooptic effect is antisymmetric under

reversal of the electric field direction, transverse field contributions to the image are

characterized by an antisymmetric point spread function. This implies that the device

modulation transfer function will exhibit a bandpass character with no response at zero

spatial frequency. This characteristic is useful in some optical processing applications

requiring dc suppression. In addition, since field components in orthogonal transverse

directions couple to different elements of the electrooptic tensor, the moculation transfer

function will be sensitive in general to both the orientation of each spatial frequency

component of the image (grating wavevector dependence) and to the polarization of the

readout illumination. This orientation dependence is described in detail in ARO Pubs. 4, 5,

® and 6. Utilization of this effect allows for both one-dimensional and two-dimensional

image reconstruction through appropriate choice of readout polarization.

We have modified our solution of the three layer dielectric problem to allow

calculation of the integrated transverse potential drop (the integration is performed in the

longitudinal or charge motion direction) for both point charge cases and continuous
charge distributions.

These calculations sllow us to analyze potential PRIZ as well as

...............
-----
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PROM device performance. The results include the dependence of the modulation
transfer function on device constitutive parameters, crystallographic orientation, and
dielectric anisotropy in the electrooptic crystal layer [ARO Pubs. 3, 4, 5, 6, 11, 12, 13, 14].
Numerous <111> and <110> oriented devices have been fabricated in our laboratory
with vapor-deposited parylene blocking layers and RF magnetron sputtered indium tin
oxide transparent conductive electrodes. Primary characterization measurements have
included diffraction efficiency as a function of spatial frequency, which can easily be
related to the modulation transfer function of the device. Experiments to date confirm all

of the ess3ntial model predictions.

During the measurement program described above, we have established a number
of new observations about transverse field effect PROMs. First and foremost, the
operational mode (direction of externally applied field during the writing sequence) utilized
is critically important to the optimization of device characteristics. In this respect, the
<001> PROMs and <111> PRIZs show essentially opposite behavior due to significant
differences in response to similarly placed volume charge distributions [ARO Pub. 3).
Hence the operational mode that optimizes <001> PROM performance is opposite from
the operational mode that optimizes <111> PRIZ performance. Second, charge
conservation within the photoconductive/electrooptic crystal layer in general enhances
<001> PROM sensitivity, while diminishing <111> PRIZ sensitivity. Leaky parylene
layers increase <111> PRIZ diffraction efficiency at the expense of device storage time.
Numerous phase effects have been theoretically derived and experimentally demonstrated
in the <111> PRIZ [ARO Pubs. 4, 6] Although the longitudinal field does not contribute
to the signal amplitude, it can be shown to induce a signal-dependent phase modulation
that is present in concert with the transverse field-induced signal-dependent amplitude
modulation. Such phase effects diminish the usefuiness of the device for applications in
which Fourier-plane processing is desired, as well as produce point-spread function
anisotropies in the image piane in the presence of strain birefringence or imperfectly
aligned polarizer/analyzer pairs.

In a collaborative effort with Professor Cardinal Warde at the Massachusetts
Institute of Technology, these concepts have recently been applied to the Microchannel
Spatial Light Modulator [ARO Pub. 16] In this case, it has been shown that the 55° cut
LINbO, active layer (which optimizes the amplitude sensitivity) introduces phase
nonuniformities similar to those observed in Bi;,Si0,, [ARO Pubs. 4, 6] Finally, utilization
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subsequently experimentally observe, striking nonlinearities in the transfer characteristics

W)

{output amplitude as a function of input exposure) of the <111> PRIZ. Such intriguing

effects in <111> and <110> oriented PRIZ devices are under continuing investigation.

Quite recently, we fabricated a <111>-PRIZ-type device without blocking layers,
e which according to a Soviet research group [26] exhibited dynamic change detection, i.e.,
only that portion of the image that has recently changed appears in the output plane. On
the contrary, using BSO crystals grown at USC, we found that excellent image storage
characteristics were obtained in this device configuration. The advantages of this
o configuration are numerous: (1) the absence of dielectric blocking layers significantly
enhances the measured (and theoretically predicted) resolution, as shown in Fig. 4 [33]
(2) the presence of parallel ground planes on opposite crystal surfaces ensures that the
longitudinal voitage is space-invariant, which eliminates signal-dependent phase
nonuniformities; (3) charge non-conservation is enhanced by allowing photo-induced
electrons to reach the far electrode, which increases the device sensitivity; (4) high
dielectric breakdown strength, high sensitivity blocking layers are no longer required,
o which eliminates a source of multiple reflections and significantly reduces the difficulty
and expense of device fabrication; (5) the resolution, sensitivity, and linearity can be
varied through proper choice of the device operating mode; and (5) monopolar (non-
switching) power supplies can be used for device operation due to the constancy of the
® longitudinal applied voitage. A potential disadvantage is the accompanying reduction in
image storage time, although the approximately fifteen second image decay time
experimentally observed is more than adequate for a wide range of applications. This

device clearly merits further intensive investigatory effort.

An experimental determination of the charge carrier dynamics undsr both uniform

A
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and nonuniform exposure in a PROM structure by means of transverse electrooptic

-
o
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imaging was undertaken to allow measurement of the appropriate exposure-induced

LA
-,

| electric field distribution function for refinements to the theoretical modulation transfer

e

function calculations. Preliminary resuits suggested that the applied field distribution
within the bulk of the electrooptic crystal prior to exposure is quite uniform longitudinally
(es opposed to the distribution expected for the case of space-charge-limited current
injection, for example). In addition, these measurements have been extended to the case
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of uniform exposure by fabrication of a PROM-structure 1.5 mm x 1.6 mm x 11 mm in S
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size. Application of the external applied field under conditions of no exposure showed
several interesting effects, including charge injection through the (dielectrically imperfect)
parylene blocking layer. Exposure in forward mode (illuminated electrode negative)
showed charge distribution effects throughout the bulk of the device, while exposure in
revarse made (illuminated electrode positive) showed strong charge confinement near the
electrode. This result confirms an independent experiment that indicated a much larger
mobility-lifetime product for electrons than for holes [42]. it also confirms semi-
quantitatively the predictions of the charge transport model advanced earlier. This effort
is extremely important to the design of new devices with improved resolution, and to
investigations of novel voltage modulated recording techniques for enhanced device
performance. In addition, it appears likely that this technique will allow accurate
measurements of mobility-lifetime products to be made in low mobility short lifetime
electrooptic materials that are difficult to characterize otherwise. It is important to note
here that this technique is currently the subject of intensive research in the Soviet Union
(43, 44, 45, 46, 47, 48, 49], as applied to the case of BSO with no blocking layers under
various types of optical exposure conditions. The shape of the exposure-induced
longitudinal charge distributions is quite similar to those predicted by the charge
transport model (29, 301

Recently, we have discovered a new type of two-dimensional spatial light modulator
that is capable of performing real-time incoherent-to-coherent image transductions with
resolution and sensitivity comparable to those presently achieved with PROM and PRIZ
devices [ARO Pubs. 7, 8, 9, 15). This novel device, termed a Photorefractive Incoherent-
to-Coherent Optical Converter (PICOC), is comprised of a single crystal of a
photoconductive and electrooptic material such as bismuth silicon oxide with transversely
deposited metal electrodes. The geometry is identical to that utilized in the
photorefractive volume holographic storage experiments described above. The crystal is
iltluminated by two plane wave writing beams from an Argon ion laser that form a uniform
diffraction grating in the photorefractive medium. An incoherent image is focused onto
the crystal surface, .which selactively erases the grating as a function of the local image
intensity. Diffraction of a third (reading) beam from the grating results in creation of a
coherent replica of the incoherent input image. In preliminary experiments, a resolution
exceeding 15 line pairs/mm was achieved without extensive optimization. We have since
shown that the resolution can be extended to beyond 100 line pairs/mm by a simple
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wavevector matching geometry [AROC Pubs. 9, 15] and the device sensitivity can be
improved by a factor of 20 by a Schilieren readout technique in the positive image mode
[ARO Pub. 15].

Such a combination of volume holographic storage and spatial light modulator
characteristics is unique, and suggests many novel optical processing configurations. In
addition, such PICOC devices are easy to fabricate, durable, and inexpensive, all of which

are potential advantages relative to currently available spatial light modulators.

Details of the above areas of investigation are given in the publications appended to
this report, and in the Ph.D. thesis of Dr. Yuri Owechko [ARQ Pub. 11].
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Effects on the Modulation Transfer Function (MTF) of Electrooptic Spatial Light
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A. R. Tanguay, Jr., "Spatial Light Modulators for Real Time Optical Processing”,
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Y. Owechko and A. R. Tanguay, Jr., ‘Theoretical Resolution Limitations of
Electrooptic Spatial Light Modulators. IV. Effects of Device Operational Mode”,
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Y. Owechko and A. R. Tanguay, Jr. "Theoretical Resolution Limitations of
Electrooptic Spatial Light Modulators. V. Effects of Dielectric Anisotropy”, in
preparation for Journal of the Optical Society of America.

A. Marrakchi, A. R. Tanguay, Jr., D. Psaltis, and J. Yu, “Photorefractive
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Effects of charge dynamics and device parameters on the
resolution of electrooptic spatial light modulators

Y. Owechko, A. R. Tanguay, Jr.
Departments of Electrical Engineering and Materiais Science
University of Southern Califarnia
University Park, Los Angeles, California 90007

Abstract

The theoretical resolution of an electrooptic spatial 1light modulator ([such as the
Pockels Readout Optical Modulator (PROM)] is a function of the electrostatic fielad
distribution arising from stored point charges located within the active electroopric
crystal layer. The Fourier transform of the voltage distribution (which c2n be directly
related to the modulation transfer function) is derivee as a function of the chacge
o location within the electrooptic crysta2l. 1In a2addition, the resultant 2nalytic expression
contains the dielectric constzants of the blocking layers and electrooptic crystal, and the
tipicknesses of the three layers. This formulation allows the effects of charge trapping
within the bulk of the electrooptic crystal to be modeled. In particular, the low spatial
frequency response decreases linearly and the high spatial frequency response decreases
exponentially with the distance of the point charge from the dielectric blocking
laver/electrooptic crystal interface. Thus the overall sensitivity and resolution sre
C degraded strongly by charge storage in the bulk away from the intecrface. Utilizing
superposition, this formulation can be readily extended to accommodate arbitrary charge
discributions arising from different exposure parameters. The implications of these

cesults for device design and operation are discussed.

I. Introduction

v Several electrooptic spatial light modulators (ESLM's) have been investigated for

© nus2acous applications in coherent optical signal processing, including the Pockels Readout

dptical ModuTator (PROM) (1), TITUS (2), PHOTOTITUS (3), and the Microchannel Spatial

Ligat Modulator (MSLM) (4). Such devices record two-dimensional image information in the

form of a charge pattern which modulates the voltage across an active (electrooptic)

single crystal layer. The charge pattern is typically induced either by intensity

medulation of light incidernt on a photoconductive layer, or by Qirect electron beam charge

éegosicion. More recently, image storage in ESLM's has been occomplished by exposure to

9 x=-ray sources (S5) and by high energy electron beam charge implantation (6). 1In each case,

the image-wise modulated voltage is sensed using polarized light by means of the lineac
slectroogtic effect.

Cre extremely important parameter in the charactecrization of candidate spatial 1light
=cCulators is the limiting resolution attainable with each such device. 1In addition, the
snape of the modulation transfer function (MTF) strongly influences the resultant image

- ficdelity, and consequently limits the accuracy of subsecuent opticel processing

) algorithms. The resolution of an electrooptic <epatial 1light modulator is in genecal
ceternined by the field spreading within the electrooptic crystal leyer. The electric
field cdistribution is a function of the dielectric constants ané thicknesses of the
éielectric blocking layers and electrooptic crystzl layer, and of the charge distzibution
witzia the electrooptic crystal.

A method for calculating the sine wave response of 2 nulti-loye.ed structure due to the

. izgulse response of 3 point chacge was developed by Kriteman (7), who applied the method
to electrostatic storage targets. Schaffert (8) has vperfocrmed related work on
electrostatic images with emphasis on applications to the xerographic developing process.

20e2¢h [9) derived an expression for the modulation transfer function of electrooptic light

7alves consisting of an isotropic dielectric layer and a2 dielectrically amisorropic
sleccrocstic crystal sandwiched between two transparent conducting electrodes, for the

case of o sinusoidal =modulation in charge density intcoduced at the dielectric

( laver/electcooptic crystal interface. These previous a2n2lyses of resolution effects in
mzlti-layered electcostacic structures share o common limitation, in thet each mocel
cernstrains the charge distribution to lie at the interface between z dielectric layer and

22t alectrooptic crystal., Due to the nature of the charge pattern geneceting process in R
m<racrsus spglications of E3LM'S, however (notably in the cases of the PROM and MSLM, and

fo9cr che cecent aspplications of x~-ray exposuce ané high ener3y electron beam excitaviom, s
t”e cesultant charge distciZution is known to creside within the bulk of the electrooptic t

1°0 SPIE Voi. 202 Active Opticel Devices (1979)
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EFFECTS OF CHARGE DYNAMICS AND DEVICE PARAMETERS ON THE
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cryscal layer. A complete treatment of resolution in electrooptic spatial 1:
mosiulatocs, therefore, must include the effects of exposure-induced 1longitudinal ch=
distributions in addition to the geometric and constitutive propecrties of the la
struckuce.

II. Theoretical development

I~ océar to simplify the theoretical treatment of resolution in electrooptic spatisl
lighz mcduietocs, the Pockels Readout Optical Modulator (PRCM) will be employed 2z a
specific =xemple, since the dielectric constant of the electrooptic crystal is isorrosic.
Extension of this analysis to other ESLM's (such as the TITUS device) with aniso&rczic
eleczroogtic layers is relatively straightforward (9). A schematic diagram of a typizal
PROM structure is shown in Figure 1. The device is comprisec of 2 photoconducsi-e
elec:tzooptic crystal (Bi}28i03¢) sandwiched between two thin dielectric blocking laye:ss.

The blocking layers are coated with transparent elactrodes. x
In the simplest mode of PROM operation, a voltage (typically 2000V) is applied to the X
electrodes, dividing between the three layers in inverse prcoportion to the capacitance of -ﬁ
each layer. Since the electrooptic crystal is a2lso photoconductive, illumination from the ik
negative electrode side with image-wise modulated blue light causes electron-hole pair -
generation at a rate proportional to the incident intensity at each 1location. The |
generated charges then separate in the applied field (by electron drift into the bulk, »
since holes are celatively immobile in Bi)58i0yg) giving rise to a2 reduction in voltage e
across the electrooptic crystal in iiiuminaced regions. Since in the oabsence of -
illusination (subsaquent to the writing process) the dielectric relaxation time (€€40) of tj
bismyth silicon oxide is unusually large (of order Several thousand seconds), the elect-on :{

distribution is trapped in the bulk; hence, the written charge pattecn is stored. The-
resultant two dimensional voltage distribution induces a birefringence (through the linesar
longitudinal electrooptic effect) which alters the polarization of linearly polarized
readout light oriented to bisect the principal birefringent axes, producing an image-wise
modulated amplitude when viewed through a <crossed sznalyzer. The readout amplirade
transmitted through a PROM between ideal crossed polarizers may be expressed as )

S

TRANSPARENT
ELECTRODES
ELECTROOPTIC .
CRYSTAL
LAYER . GROUND PLANES
/ )
/ }
V. 1
’ A I I |
4 A 1
‘n ‘e ") o A !
4 t9Q
/] |
y !
A € I €
y 1
— ”‘Q e 3500 A ,P e / '
: /1 |
! '
“(hery) -y -ty ‘
DIFLECTIC BLOCUING :
LAVERS o
®
Figuss 1. tructure of a typical PROM. Figure 2. Longitudinal coordinate sysiem -
In current PP0M’'s, the electrooptic use n the derivation of V(w) (see o
crystal layer is bismuth silicon oxide Appendix I). The position of the point !
(Bi;:5i0;4, ¢ = S6c_) and the dielectric charge within the electrooptic crystal laver -
blocking lave$? are Barylene C (¢, .= 3¢ ). is at z= ~-t,, while t,, t,, and t, are the -
The =ransverse coordinate systen Bi.d if eloctrcoptié crystal lhicinas: ané dielec=zzic 'a
the derivation of V(w) is also shown. blocking layer thicknesses, respectively. :
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A - )
A(x,y) = Eo sin(—z——x-"V(x' )) (1)

Var2
is the incident readout light amplitude, Vaz2 is the half-wave voltage of the
tic crystal, and V{x,y) is the voltage across the electrooptic crystal at image
25 (x,y). It should be noted that in the above expression it is assumed that thne
“avelength and intensity are chosen such that insignificant photoconductive charge
isytion occurs, and that the effects of natural optical acrivity in the bismuth

cxide crystal may be neglected {(10,11). Thus the output amplitude is a monotonic

=2 of the input intensity (for applied voltage less than the electrooptic half-wave
S.:23e); such a transfer crelationship is desirable for incoherent-to-coherent conversion
ans suSssguent coherent optical signal processing opecatioas.

SeTw s

From the natuce of Eg. (1), it can be seen that the resolution of an electrooptic
spatial light modulator depends directly on the relationship between a periodic (spatial
fregquency w) variation in the writing intensity, and the resultant spatial modulation of
the woltage across the electrooptic crystal. The cubic symmetcy (I23) of bismuth silicon
oxide in conjunction with the orientation of the electrooptic crystal slice (<001>)
assures that only longitudinal components of the electric field contribute to the induced
birefringence through the electrooptic effect (12). Therefore, the modulation in output
amplitude (see Eg. (1)] depends only on the voltage difference V(x,y) between opposite
sides of the electrooptic crystal at each image point (x,y). In the absence of
significant two-~dimensional diffusion effects in comparison with the drift-aided chacge
sesacation of photogenerated electron-hole pairs (13), V(x,y) will be » function of the
.Gielectric constants and thicknesses of the electrooptic and blocking layers, the
locations (in the z-direction) of the trapped hole and electron distributions resulting
from the writing (image recording) process, and the spatial frequency of the charge
(#ziting intensity) modulation in the (x,y) plane. In summary, we sSeek to derive the
dessandance of each Pourier component of V(x,y) (denoted V(w)) on the corresponding Pourier
component of the lateral charge distribution, as a function of the device pacameters and
the longitudinal charge distribution.

1f the longitudinal charge distribution is assumed to be such that charges are
constsained to the blocking layer/electrooptic crystal interfaces, the spatial frequency
éa2zandence of--the potential V(w) may be obtained by straightforward solution (9) of the
elsctroscathe boundary conditions with 2 surface charge 3(x,y,z) given by:

o(x,y,2) = 00[1+cosux16(z). _ (2)

= tha absorption coefficient of the writing light is not infinite, and since in
Sitica the driftc length of a photoexcited electron is significantly smaller than the
lectrooptic layer thickness, considecation of charge distcibutions within the
22 electrooptic crystal is necessary in ordec to formulate a realistic resolution

HOO 0w )
0 405 A pe
"®s
[4]

Thre
a0h

lorsider 2 single point charge q located at (x,y,z)=(0,0,-t4) within the electroootic
czysctal layer as shown schematically in Figurce 2. Determination of the Fourier components
€2 =he zotential difference V{(w) Cue to such a2 point charge is equivalent to calcularion
9% =2e pocential difference due to a periodic charge distribution given by

o(x,y,2) = 00[1+cosux]6(z+t4) (3)

as a funccion of spatial fregquency ®(12). This approach has the advantage that once the
so.:=ion for a single point charge has been obtained, the inhecent lineacity of tha
foiriss transform may be utilized ro solve multiple charge cases by summation of single
chazge solutions, and continuous charge distcibution cases by simple integration.

The sxial symmetry of the problem can be exploited by eransformation to cylindrical
co92cdinazas (0,9,2) where (3,9 are in the (x,y) oplane and =z is the longitudinasl
co9zdinaza, as shown in Figure 1. Since the problem is invariant with respect to the
anzaliaz coordinate 2, the rectilinear two-dimensional Fourier transformation becomes a
Zangel zzansform. The voltage across the electrooptic crystal can then be written in the

Emowm ,
- T

Vi{s) = Vio,-ty)=V(0,0) = 11-; IO V(w)Jg (wo) sdw t8)

#7822 Ja(-:) is the zeroth order Bessel function and w is a cadisl spatial freguency (14).
Ixzzassing V(s) as » Hankel transform leads to & striking simolification of the
calsuiation, since the Hankel transfocm of the delta function cherge distcibution (point
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o
charszs. is 4 constant. Hence the difficulties associeted with discontinuities in the real e
space ccundacy conditions due to charge singularities are automatically removed in Foucisc .'.-:..j_‘
r;;:'-

space potential difference V(p) must satisfy Laplace's eguation in all %aur
lepicted in Figure 2, and must also satisfy the boundary conditions 2t 2oth
at both electrooptic crystal/blocking layer interfaces, and ot the opiane

the location of the point charge (z=-t4). Once V(:) is determined, V(. is
=2 by extracting the kernel of the Hankel transform, as shown explicitly in

A??Ql‘--u , with the following result:
® o sinhu (a~t, ) 4 sinh wb
- '-'eo"' cothu(E—t ) coth...(a-t ) . (3)
coshw(a-t )[l-—h—(-—)-cot —Ta=t ] coshw (b-t )[1._1:5—(5__7«:0 ] . .
where
o €
a= t1+1'- coth 1(-}& cothut3) : (6)
eo
ané
1 -1{"b
® b= Py coth l(e L coth(-utz)) (7)
eo
Note :zhat as desired, V(w) is a function of the electrooptic . crystal thickness t_, the
dielectric blocking layer thicknesses t; and t,, the dielectric constants €ec 2n97%y, of
the cespective layers, as well as on the location of the point chacge t4. In this
calculation, the electrodes ace both assumed to be grounded. .

v In tae special case t);=t,, and ty;=0, the problem reduces to that of a charge pattern
confined to the electrooptic crystal/dielectric layer interface of 2 two layer device,
with

Viw) = 9/w ()
€0 cc:t!'unt::L ..m.t:t.'.ﬂimt:3

) in agceszant with the solution for this case derived previously (9).

T=2 =cd.ilation transfer function (MTF) relating the output imagde modulation to the
inpuz image2 modulation may be obtained from the expression (9):.

I - I .
MTF = %[ X I"‘"“] (9)
max min
@
l where ) . : -
| I
- 0 _. v (Q) V(w) ]
> I - +
 Toge = T Sin [ X/2 {1 T comx} {10)

® and whec2 2 is the spatial modulation of the imposed charge distribution, vv is the
elect:ooztic crystal half-wave voltage,i and V(0) = V{w=0). Physically, ?0) is the
avecage 72 lee of the pot-ntial difference across the electrooptic crystal layer. In
Eg. 3), I_,x and a 2cte the values of I,,. for cosux=l and cosux=-1, respectivaly,
Feom 2g. (19), it can g'e seen that the character of the solution for each case is fully
Qx:tessnj 5y V(w) ot V(w)/V(0). Since the MTF for a given device will be both exposuce
(7(0., a=é modulation (m) dependent, a more fundamental indication of expected device

Py per‘s'-a:ce is obtained by opresentation and discussion of the un-normalized [V(.)] and
nocmalizes (v{s)/V(0)] potential difference functions.

2eloce proceeding to a detailed presentation and intecpretation of the resul®s, it

shoull za zointed out that the un-nocrmalized potential differences V(J) and the nocmalized
funczicns 7(.)/V(0) have a diract interpretation uscful for both comparison of distiacet
devizeg <f different constitutive charactecistics, and for compacrison of the implicetions

of ciszinct chacge distributions within a given device. In pacticular, graphs of V(=) as

@ & finctioa of w pacametrized by different device constitutive properties assume esual
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o
exsosur2 conditions (identical charge distributions), while graphs o0f V{(.)/¥(0) ascuze ?::4
gtimun  exposure conditions for each compared device (i.e. sufficient exposuce fzr each S
éevice such that V(w) is optimized in the limit of low spatial freaaguencies). Thege types AN
0f gcomparisons are familiar from the case of photographic film, where the :ypi&ai S
rasc.ution/sensitivity trade-off forces a similar comparison of £film oproperties oa t=e
L basis of either response to equal exposure, or response to optimum exposuce. r%1
IIT. Features of the solution for discrete charge distributions :f}:
N
Tn2 nature of the spatial frequency dependence of the potential diffarence V(.) z2a 3za ﬂ};
mozz =2asily appceciated if the high and low spatial freguency responses ace exazinegd. e
Taese limiting forms acte given by: e
A t, (to+tq) =t t ,1
4'%27"3'""1 "2
w=0 Ep1 (E2*E3) *6g0 Ty NS
: -wd -wl
2
(V(w)] = ——T [e le ] (12)
P w e (ebl+:e°)u
where li=ti-t, and 4s=t,. The parameters 4); and 4, represent the distance of the point
charge from each dielectric blocking layer/electrooptic crystal interface.
From Eq. (ll), it is apparent that the low spatial frequency linit of V(w) deperds on
the layer thicknesses and dielectric constants, as well as on the charge location. In
pacrticulac, if we consider the case of a symmetric device (i.e. 3 device with <two
e identical blocking layers), V(w) decreases linearly to zero and then incresses :o its
initial value as the charge moves from one interface to the other. This is intuwirively
apperling since no voltage drop is expected across the electrooptic crystal for a point
charge in the center of a symmetric device. The low frequency response is in addition
independent of spatial frequency.
. 1.0 T T 'o'o ) [ ]
V!u!
Vi) vi0)
¢ o1 - 10 - eu » 5S¢ -
Su =3
® J -
0.01 o < :
:..x
® T
L . L 1 1 s
0.001 0.01 g
1 1.0 10.0 1.0 100 Do
. \:_\:
SPATIAL FREQUENCY (line poirs/mm) SPATIAL FREQUENCY [ line poirs/mm ) :_..'-"{
| - . )
Fizcure 3, Effect of dielectric blocking Figure 4. Effect of dielectric blocking NN
Iaye: Z.zlactric constant on the spatial Tayer dielectric constant on the spatial ‘iif
frecuency response of V(w). A symmetric frequency respornse of V(w)/V(0). SRS
PPCM Zavice is assumed, with geometric ‘:w
ard constitutive parameters as shown in ot
Figure 1. The vertical scale is arbitrary, ol
buz i3 zhe same for Figures 3,5,7, and 9. o
L J -
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EFFECTS OF CHARGE DYNAMICS AND DEVICE PARAMETERS ON THE 39
RESOLUTION OF ELECTROGPTIC SPATIAL LIGHT MODULATORS

The high frequency limiting form of V{(w) given in Eg. (12) is 2 function only of the
dielectric constants of the layers, the spatial frequency, end the distances of the chacge
from each of the blocking layer/crystal interfaces. If the point charge resides on either
interfece, V{(w) falls off inversely with increasing spatial frecuency. For even sz:all
secarations of the charge from either interface, however, the high spatial frecuerncies
will b2 exponentially attenuated. Note that as in the low spatial frequency case, V(-) is
zero whan the charge is in the center of the device.

The dependence of V{w) and V(w)/V(0) on the dielectric constant of the blocking 1lay
(assume¢ identical) 1is shown in Figures 3 2and 4, respectively. The effact of incraasing
the blocking layer dielectric constant is seen to reduce the device sansitivity (see
figure 3), while increasing the high spatial frequency response for optimum exposura in
both cases (sce Figure 4).

The dependence of V(w) and V(w)/V(0) on the thickness of the blocking layers is shown
in Figures 5 and 6, respectively. The effact of decreasing the blocking layer thickaess
reduces the device sensitivity (see Figure 5) but improves the relative response at hign
spatial frequencies (see Figure 6). 1In Pigures 3-6, a single point charge is located at
one of the dielectric blocking layer/electrooptic crystal interfaces.

The solutions for cases involving multiple point charges can be obtained by a linear
superposition of the solutions for each separate point charge. In particular, the effect
of an electron-hole pair can be modeled if the point charges are assigned opposite signs.
The results of such a - calculation as a function of the charge separation ace shoua in
Figutes 7 and 8. 1In this calculation, the hole and electron were assumed initially
constrained to opposite interfaces, and were subsequently displaced symmetrically into the
bulk of the electrooptic crystal layer. In Figures 7 and 3, each curve is labeled by the
positions of each point charge according to the following convention: the electroooric
crystal layer is S00 um thick and the coordinate pairs labeling each curve are the =z
coordinates of each of the two point charges. Thus (0,50Q) ‘tepresents a positive charge
at the z= -500 um interface and a negative charge at the 2z = 0 um interface. The device
pacrameters are those of the typical PROM configuration shown in Figucre 1. From FPigurs 7,
it is observed that displacement of the point charges away from the dielectric blocking
layer/electroogtic crystal interfaces strongly degrades the high spatial freguency
response, and in addition reduces the sensitivity at low spatial freauencies. The

1.0 — T r 10.0 r -

Viw) : V{w)
v(0)
t., = 10 My
18 -
= | um
0.1 - 1.0 -

ta3 | um -

0.01 = ' oL © - 01 b 'Dl = |10 F.m R

0.001 L . . oo . '
1.0 10.0 1.0 10.0
SPATIAL FREQUENCY (line poirs/mm) SPATIAL FREQUENCY (line peirs/mm)

Figure 5. Effect of dielectric blocking Figure 6. Effect of dielccéric blocking
Tayer trhickness on the spatial frequency Tayer thickness on the spatial frecuency
response of V(w). The dielectric constant response of V(.)/V(0).
of the blocking layer is €p1™ 10e°.
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exgonential modification of the high spatial freauency behavior is shown more cleacly in
thes grasas of V(w)/v(0) shown in Figure 8. Due to the assumption of a symmetric device
configuration in this calculation, it should be noted that charges of opposite sign
syxmesrically placed on opposite sides of the electrooptic crystal layer contribute
ecually =0 the total potential. Thus the results shown in Figure 8 for the dual charga
caiculation are equally applicable to the case of a2 single charge of approociate sign
piased a: the same distances from either interface (i.e. 0, 30 and 100 :=m) .

The effects of asymmetric chacge location within a symmetric PROM device ace shown ir
Figures 9 and 10. A positive point charge is 1located at one dielectric blocking
layac/elecrrooptic crystal interface (z=-500um), and a negative poiat charge is placed at
vazrying céistances from the opposite intecrface (z=0um). This configuration modals a

y¥pothetical writing process in which the incident illumination. is characterized by =
large absorption coefficient so that the (immobile) hole distribution is constrained to
one interface, while the electron distribution is forced into the bulk electrooptic layer
by the applied field. The resultant charge separation will thus be a function of the
constitutive device properties and the voltage across the device during the writing cycle.
The resultant V(W) curve for the case of the negative charge at the cpposite interface
(labeled *(0)" in Figure 9) is exactly the same as the (0,500) case discussed with tespect
to Ffigure 7. As the negative charge is moved in from the interface toward the ceater of
tae crystal, the response at high spatial frequencies decreases more rapidly at first than
the response at low spatial frequencies. As the negative charge reaches the center of the
electrooptic crystal layer (z+r -250um) and continues to 2pproach the positive chacge, the
response at low spatial frequencies decrmases faster than tha reduction in high spatia)
frequency response. For both charges in the same half of the electrooptic crystal, the
tesponse characteristic becomes nonmonotonic, as can be seen in Figure 9 and even more
graphically in Figure 10.

1.0 r T ' 10.0 T T

Viw) Viw)

0.1

{0,500)

{0.500)

001 P 1 ot b
(30, 450)
{30,450)
(100 ,400) (100, 400)
0.00 -L 0.00 .
1.0 100 1.0 10.0
SPATIAL FREQUENCY (line pairs/mm) SPATIAL FREQUENCY ({line peirs/mwm)
Ficure 7. CEffect of longitudinal charge Figure 8. Effect of longitudinal charge
gosition within tha electrooptic crystal position within the electrooptic crys:zal
laver ca the spatial frequency response layer on the spatial frequency resovonse
of V(.). In each case, two point charges of V(w)/V{0). Nots the marked attenuation
of orsosite 3ign are syrmetrically placed of the high spatial freguency responsas as
relative to the center of the device. the charges are increasingly cdisplaced
Eazh cuzve is labeled by the distance in from their respective interfaces.

»2 of the (negative, positive) charge from
t=a eleactrooptic crystal/dielectric
blocking layer interface at z= Qum.
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EFFECTS OF CHARGE DYNAMICS AND DEVICE PARAMETERS ON THE

RESOLUTION OF ELECTROGPTIC SPATIAL LIGKT MOQULATORS 41

Tnils remarkable nonmonotonic behavior of the spatial freguency response can be
exzlaineé with the aid of Figure 11, which details the contributions of each charge to the
tocal gpotential. In Figure ll(a), the signs and magnitudes of the potential contributions
£z Dot chargyes are positive, and the —ctesultant potential has the same response
chazactecistic as that of 2 single charge positioned at an interface. In Figure 1l1l(Y),
ne negaciva charge is 125 um (one quarter of the electrooptic crystal thickness) from the
irtazizce, and hence contributes a reduced low spatial freguency responss and an
exzsnentizily attenuated high spatial frequency response. Ar the center of the crystal,
thz ne3ative char3e does not contribute to the potential due to symmetry, and the form of
th2 frequancy rasponse is the same as that for a single point charge at an inrerface (as
shown in Figuce ll(¢)]. The most interesting case is shown in Figure 11(d), in which the

chzr3e sspactation is one gquarter of the electrooptic crystal thickness. Here the
conzridutions to the total potential from both charges have opdosite signs. This
siz.ztion is eguivalent to taking the difference between the V(w) curves for two positive
char3es at the same locations, as shown in the Figure. The nonmonotonic behavior is thus
sean 9 arise Jdirectly from the exponential attenuvation of the high spatial freguency
cozzonents of the potential due to the negative charge.

IV. Device implications

The dependence of the spatial frequency response on the dielectric constants and
thicknesses of the dielectric blocking layers (as shown in Figures 3-6) indicates that new
PROM devices can be envisioned with modulation transfer functions constant to much higher
spacial £requencies than are chacacteristic of presently available devices. Gains in MTF
benhavior due to choice of dielectric blocking laysr properties will be 2ccompanied by an
overall raduction in device sensitivity. Such new devices, however, would provide
significantly improved image fidelity and resolution in applications where reguicrements on
device sensitivity can be relaxed, similar to the familiar tradeoff in the case of
photogragaic film. 1In order to improve PROM resolution, high dieleectric constant, high
dielectric breakdown strength, high resistivity dielectric blocking layecs ace reguired.

1.0 e T 10.0 r r
. Viw) -
Viw) v(0)
7 10 (450)
(3735)
{0.230)
’ o1 p (12%)
000! - — 0.00 L L
1.0 10.0 1.0 10.0
SPATIAL PREQUENCY (line peirs/mm]) SPATIAL FREQUENCY {line pairnn/mm)
izzzra 3. Effect of asvrnetric charge Figure 10. Effect of asymmetric charge
Iz23tions on the spatial freguency response Tocations on the spatial frequency response
of V(.). A positive chazge is located at of Viw)/V{0). Note the nonmonotonic
t=e zs -300.m electroopcic crystal/ . behavior of V(.)/V(0) when both chargas are
dieleciric blocking layer interface. Each in the same half of the electrooptic
cur e is labeled by the distance in um of crystal. The curves for the negative charge
~a m2cative charge from the elaectrooptic at z= Oum and z= =250um are identical.

crr-stal/dielectric blocking layer interface
az z= J.n.
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effact of exposure-induced charge distribution throughout ~the bulk o0f the
ptic crystal layer is seen to have an adverse effect on the high spatial frequency
Chacacteristics of the image storage pcocess. The optimum cesolution ané
ity within a given PROM device structure acre obtained when rhe hole distribution
c2ined to the interface nearest the negative electrode, 2and the entire electron
ition is swept to the interfzce nearest the positive electrode during the writing
Th2 actual resolution and sensitivity obtained for a given device are thus
dependent on the absorption coefficient of the electiroontic laver at the wriring
~aczion wavelength, on the external applied voltage and voltage division between the
: layers during the writing cycle, andé on the mobility-lifetime product of
tsganarated electrons in the electrooptic crystal. Such bulk charge AQistribution
253 will also strongly affect the resolution and sensitivity for cases where the
s is2 modulated charge pattezn is induced by high energy electron beam (6) angd X-ray
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In Viw)
inw In w
(a) (b)
— Viw) = V {w) + V_(w)
—_—— V,(w) {+Q CONTRIBUTION)
... V.(w) (-Q CONTRIBUTION)
!
tin Viw) ! In V()
+ -F + L
\4 ' T -
Inw Inw

(c) (d)

Ticure 1ll. Schematic explanation of the effect of asymmetric charge locations on
the statial frequency response of V(w) and V(w)/V(0).. (a) Both charges are at
their respective inzarfaces; ¢thus V_(w) = V_(w), and the total V(w) is simply
=wice the potential diflerence expected for a single point charge (V(w) = 2V _(w)).
{5) #ere the negative charge is displaced from the interface, exponentially
atzenuasing the high spatial frequency response of V_{(w). The sum ol the terms due
=9 each charge thus decreases monotonically, with diminished high spatial frequency
rasponse relative to case (a) (see Figure 10). (c) The negative charge is placed
at the center of the symmetric PROM. Hence, it does not contribute to V(w) and
Vi) = V {w). (d) The negative charge is in the same half of the crystal as the
203itive charge; the total V(w) can be obtained by taking the difference between
V.(s) and -V_(w), since V_(w) and V_(w) have opposite signs. Since V_(w) and V_{(w)
22crease at unequal rates, V(w) no longer decreases monotonically. :
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EFFECTS OF CHARGE DYNAMICS AND DEVICE PARAMETERS ON THE 43
RESOLUTION OF ELECTROOPTIC SPATIAL LIGHT MOCULATORS

¥ . e
[N

V. Summacy

A genecalized expression for the spatial <£frequency response of a three layer
electrooptic spatial light modulator is presented, which gives explicitly the depezsencs
of the response on the thicknesses and dielectric constants of the layers, and ca ean

-

arbitrary longitudinal charge position within the electrooptic crystal layer. This

solution is applied specifically to the case of the Pockels Readout Sptical Mod:lator
(PROM) , wharein the importance of the inclusion of bulk charge Zistrzribution effa=s

o' o - ‘-s

.

. -
O

Al 4

iy

cleacly dJemonstrated. Extension of these results to cases involving conrzizuous =~
longitudinal charge distcibutions in order to model specific device operational modss a=: -
weiting cyvcle parameters is straightforward due to the inherent linearity of the Fa:zie- %
(Hankel) traansform (12,15). Application to other ESLM's with 2nisotropic electrzzsatis r
materials exhibits device geometric, constitutive, and charge distribution effects gizilar l
to those described herein (15). Research on the implications of including two-dimensional o
charge diffusion effects during the writing process is currently in progress. .ﬂ
Aopendix I: Decrivation of V{w) for a three laver device Tad

““

-

The device geometry is as shown in Figures 1 and 2., The dielectric constants o2 tha
blocking layers.are assumed equal (CE%)' and the thicknesses of the layers are given Sy ¢

. T

and t,. The dielectric constant of the electrooptic crystal layer is denoted €_., ard ths .
thickgess of the layer by t,. A single point charge q is placed within the electroootic b
crystal a distance t, from theé dielectric blocking layer/electrooptic crystal intecface as -:
shown in Figure 2. Transparent electrodes are placed in the planes z=t; and zw=(f,+t.), P

at the external boundaries of the dielectric blocking layers; both electrodes are assuied
grounded during ceadout.

P

v v
s

it ¢

The cylindrical symmetry of the problem about the z-axis is utilized by expressing tha
potential within the layers in cylindrical coordinates as a Hankel transform:

]
Vip,8,2) = V(p,2) = ;# [: Viw,2)Jq (wo)udw (L ;:
S
ﬂi
The potential within any of =ha four regions shown in FTigure 2 automatically satisfies )
Laplace's equation if it is written in the form: . n
* w2
Vip,2) =» I Gluw)e J’o(wo)du (2) !
0 !
The potential in each of the four regions may then be expressed explicitly as: i
L)
I. VI(o.z) = I Al(u)sinhu(z+a)30(mo)dm (3)
0
a»
II. VII(D.z) = IO Az(u)sinhu(‘.f-b)Jo(uo)dm (4)
- B
III. Vigri(e.2) = Jo Aj(w)sinhw(z+t;+t4)J,(wo)du (3) B
- e
Iv. VIv(o.z) = IO A‘(u)sinhu(z-ez)Jo(uo)du (6) Eg
This form insures that the potential in regions IIT and IV is zero at the z==(t,+E;1 and -
z=t; ground planes. The pacameters a and b correspond to imaginacry ground planes ac zw-2 Cy
and” z=<b, and ara determined below :from the application of appropriate Ddoundary ]
conditions. §
The boundatry conditions ace: . : . 5
V(-tl) = v(-t,7) 7 o
1 1 >
3V (-¢]) w(-t) E
oo 3z — * ;13T O S §
Vi-tt) = v(=tD) (9 4
ty s .

e T
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-~ .
- . . : 2
X vio*) = v(o7) (10) 3
¢ o
.' . .

V(0 ) v(o~

g © "1 g ¢ Ceorrrt = O b

: W(-e¥)  w(-t])

o . ¢ .0 (12)

< az 92 €eo

] ® . » . o

4 whare ., cthe charge density at z--c4, is given by: )

0p = B2 2 L [ 3 (woludu 1

h 0 D T ]g "0 w ¢

* o and Sgp) ;s the unit impulse gunc:ion. Applicatiqn of the boundary conditions by dicecr
“ substitution of Egs. (3)-(6) into Egs. (7)=(1l3) yields:

~

N o . cothw (b=t,) 7 -1

4

- Al (@) = 2"4;; [CO!M(&‘QG){l‘m }] (1)

«C

.. cothu (a=t,) =1

. - 4 -

- Aylw) = rri— [‘-‘°="“‘b ¢{ memET 1}] (13)
‘ ® wnere a and b-are given by: -

y - 1 -1(%1

. a= t, + = coth | — cothut ) . (16)

5 . 1 w eeo 3
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: The voltage across the electrooptic crystal is given by:

l'

» ; V}o(p) = vr‘°"t1)‘v:1‘°'°’ (18)

- weizing V__ (o) as a Hankel cransform (as in Eg. (1)) and substituting Eas. (3), (&),

+f {(14)-(17)  into Eg. (18), we obtain the final expression for the spatial frecuency

4 éependence of the potential difference 2cross the electrooptic crystal layecr:

Al

: sinhu(a-t. ) sinh wb .

qQ ’ 1 . '
: ( Viw) = c.om cothw b-t;T’ cothu(a-:;T (9
- COSM(I°t4)[1'mra—_t‘:r] coshm(b-%) l‘m
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APPENDIX II

Exposure-induced charge distribution effects on the modulation transfer function
{MTF) of electrooptic spatial light modulators

Y. Owechko, A. R. Tanguay, Jr.
Departments of Electrical Engineering and Materials Science
University of Southern California, University Park, Los Angeles, California S0007

Abstract

The theoretical resolution of an electrooptic spatial 1light modulator ([such as the
Pockels Readout Optical Modulator (PROM)] is a function of the electrostatic field
distribution arising from stored point charges -located within the active electroostic
crystal layer. The Fourier transform of the voltage distribution (which can be directly
related to the modulation transfer function) is expressed as 2a function of the charge
location within the electrooptic crystal. In addition, the resultant analytic expression
contains the dielectric constants of the blocking layers and electrooptic crystal, and the
thicknesses of the three layers. This formulation allows the effects of charge trapoing
within the bulk of the electzooptic crystal to be modeled. In particular, the low spatial
frequency response decreases linearly and the high spatial frequency response decreases
exponentially with the distance of the point charge from the dielectric blocking
layer/electrooptic crystal interface. Thus the overall sensitivity and resolution are
degraded strongly by charge storage in the bulk away from the interface. Utilizing
superposition, this formulation can be readily extended to accommodate arbitrary charge
distributions arising from different exposure parameters. The spatial freguency response
of the PROM is calculated for both analytic (exponential hole/gaussian electron) and
iterative (exposure-~induced charge transport) continuous charge distributions. The
limiting form of the high spatial fregquency response is shown to be independent of the
particular distribution of volume charge. The implications of these results for device
desisn and operation are discussed.

I. Introduction

Several electrooptic spatial light modulators (ESLM's) have been investigated for

numerous applications in coherent optical signal processing, including the Pockels Readout

Optical Modulator (PROM) (1), TITUS (2), PHOTOTITUS (3), and the Microchannel Spatial

Light “odulator (MSLM) (4). Such devices record two-dimensional image information in the ‘

form of a charge pattern which modulates the voltage across an active (electrooptic)
single c¢rystal layer. The charge pattern is typically induced either by intersity
modulation of light incident on a photoconductive layer, or by direct electron beam charge
deposition. More recently, image storage in ESLM's has been accomplished by exposure to
x-ray sources (S) and by high energy electron beam charge implantation (6). In each case,
the image-wise modulated voltage is sensed using polarized light by means of the linear
electrooptic effect.

One extremely important parameter in the characterization of candidate spatial 1lighe
modulators is the limiting resolution. attainable with each such device. In addition, the
shage of the modulation transfer function (MTP) strongly influernces the resultant iaage
fidelity, and consequently 1limits the accuracy of subsequent optical processing
algocithms. The resolution of an electrooptic spatial 1light modulator is in general
determined by the field spreading within the electrooptic crystal layer. The-electric
field distribution is a function of the dielectric constants and thicknesses of the
dielectric blocking layers and electrooptic crystal layer, and of the charge distribution
within the electrooptic crystal.

A method for calculating the sine wave response of a multi-layered structure due to the
impulse response of a point charge was developed by Krittman (7), who applied the method
to electzostatic stocage targets. Schaffert (8) has performed related work on
eleczzostatic Images with emphasis on applications to the xerographic developing process.
Roach (9) derived an expression for the modulation transfer function of electrooptic light
valves consisting of an isotropic dielectric 1layer and a dielectrically anisotropic
electrooptic crystal sandwiched between two transpsrent conducting electrodes, for the
case of a sinusoidal modulation in charge density introduced at the dielectric
layci/electrooptic crystal intecface. These previous analyses of resolution effects in
multi-layered electzostatic structures share a common limitation, in that each model
constzains the chacge distribution to lie at the interface betwesen a dielectric layer and
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the electrooptic crystal. Due to the nature of the charge pattern generating process in
numerous applications of ESLM's, however (notably in the cases of the FFCM 2nd MSL¥, apas
for the recent applications of x-ray exposure and high energy electron beam excitzsion),
the resultant chacrge distribution is known to reside within the bul% of the electrsostric
crystal layer. A complete treatment of resolution in electrooptic spatial ligrs
modulatocs, therefore, must include the effects of exposure-induceé longitudinal chacce
distriouzions in addition to the geometric and constitutive grogecrties of the layer
structure.

Recently, an analytic expression has been derived for the Fourier transform of tha
voltage distribution (which can be directly related to the modulazion transfer fumztion)
as a function of the location of point charges within the electrooz=ic crystal (10!. T™a
addition, this expression contains the dielectric constants of the blocking layess an2
electrooptic crystal, and the thicknesses of the three layers. This formulation 2llows
the effacts of charge trapping within the bulk of the electrooptic crystal to be modeled.
In succeeding sections, the theoretical background of the analytic salution is explored,
and features of the solution for single and multiple point charge cases are descrised to
emphasize the easential behavior of the device response characteristics. The theoratical
model is then extended to include the effects of continuous charge distributions
throughout the electrzooptic layer. Examples of both analytic and iterative
exposure=-induced charge distributions are presented and discussed in terms of the
essential features of the theoretical point charge model. Finally, the implicatiors of
these results for device design and operation are discussed.

IX1. Theoretical development

In order to simplify the theoretical treatment of resolution in electrooptic spatial
light modulators, the Pockels Readout Cptical Modulator (PRC¥) will be employed as a
specific example, since the dielectric constant of the electrooptic crystal is isotrsopic.
Extension of this analysis to other ESLM'S (such as the TITUS device) with anisexropic
electrooptic layers is relatively straightforward (9,15). R schematic diagram of .
typical PROM structure is shown in Figure 1. The device is comprised of a photoconductive
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Figure 1. Structure of a typical PROM. Figure 2. Longitudinal coordinate system
In curren:z ?30M's, the electrooptic usec 1in the derivation of V(uw) (see
crystal layer is bismuth silicon oxide Appendix I). The position of the poine
(Bij25iC25,%e0= 5629) and the dielectric charge within the electroojtic crystal layer
blocking layers are parylene C (Zp1=3€,). is at 2= -t4, while t1, t2, and t3 are the
The transverse cooriinate system used 2n electrooptic cr:'stal zhickness and dielectric
the derivation of V(4) is also shown. blocking layer =hicknesses, respectiveliy.
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eleciroontic crystal (Bi}zSi0zq) sandwiched between two thin dielectric blocking layers.
The bdlocking layers are coated with transparent electrodes.

In the sinplest mode of ERCM operation, a voltage (typicaily 2000V) is applied to the
electzocdes, dividing tetween the three layers in inverse progortion to the capacitance of
o each layac. Since the electrooptic crystal is also photoconductive, illuminatioa from %he
negativa electrode side with image-wise modulated blue light causes electron-hole pair
genecazic® at a rata proportional to the incident intensity at each location. The
genecatec charges then separate in the applied field (by electron drift into the bulk,
since holes are relatively immobile in Bij)S8iCq) giving rise to a reduction in voltage
across tie electrooptic crystal in illuminated rcegions. Since in the absence of
illumirazion (subsequent to the writing process) the dielectric relaxation time (cz,2) of
@ bismuth silicon oxide is unusually large (of order several thousand seconds), the electron
distriosucion is trapped in the bulk; hence, the written charge pattern is stored. The
| resultant two dimensional voltage distribution induces a birefringence (through the linear
| longizudinal electrooptic effect) which alters the polarization of linearly pdlarized
| readout light oriented to bisect the principal birefringent axes, producing an image-wise
| modulated amplitude when viewed through a crossed analyzer. The readout amplitude
transmitted through a PRCM between ideal crossed polarizers may be expressed as

L A e
0 wix,y) Lo

A(x,y) = — sin (17—1-' : (83 o

’ /3 A/2 ) : <

. RS

where A9 is the incident readout light amplitude, V), is the half-wave voltage of the AN
electrooptic crystal, and V(x,y) is the voltage across the electrooptic crystal at image -
coordinates (x,y). It should be noted that in the above expression it is assumed thav the )

@ ceadout wavelength and intensity are chosen such that insignificant photoconductive chacge oo

redistribution occurs, and that the effects of natural optical activicy in the bismuch -
silicon oxide crystal may be neglected (11,12). Thus the output amplitude is a monotonic
function of the input intensity (for applied voltage less than the electrooptic half-wave
voltage); such a transfer relationship i{s desirable for incoherent-to-coherent conversion
and scbsequent coherent optical signal processing opecrations.

r(r'rf-‘(
Bl

o From the nature of Eq. (1), it can be seen that the resolution of an electrooptic
spatial light modulator depends directly on the relationship between a periodic (spatial
fregquency .) vartation in the writing intensity, and the ‘resultant spscial modulation or

~the wvoltage across the electrooptic crystal. The cubic symmetry (I23) of bismuth silicon
oxide in conjunction with the orientation of the electrooptic crystal slice - (<001>)
assures :that only longitudinal components of the electric field contribute to the induced
bicefringence through the electrooptic effect (see Appendix I). Therefore, the meodulation
® in outzu: amclitude (see Eg. (l1)] depends only on the voltage 2ifference V(x,y) between
opposite sides of the electrooptic crystal at each image point (x,y}). In the absence of
significan: two-dimensional diffusion effects in comparison with the drift-aided charge
sepacazion of pnotogenerated electron-hole pairs (13), Vi(x,y) will be 2 function of the
dielect=riz constants and thicknesses of the electrooptic and blocking layers, the
locations (in the z-direction) of the trapped hole and electron distributions resulting
from the writing (image recording) process, and the spatial freguency of the charge
(weiting intensity) modulacion in the (x,y) plane. In summacy, we sSeek tO express the

@ dependence of esch Fourier comzonent of V(x,y) (denoted V(w)) on the corresgonding Fourier
component of the latecal chacrge distribution, as a function of the device parameters and

the longisudinal chacge distribution.

If the longitudinal chacge distribution is assumed to be such that charges ace
constrained to the blocking laysr/electrooptic crystal interfaces, the spatial freguency
dependence of the potential V(u) may be obtained by straightfocward solution (9) of the

@ tlectrzizatic boundacy conditions with a sugface charge o(x,y,2) glven by:
L

g{x,y,2) = 00(1+cosux}6(z). ' {2)

Since the 23socption coefficient of the writing 1light s rot infinite, and since in

addicicn e drift lengsh of 2 photoexcited electron is significantly smaller than or on

the 0zder of the typical electrooptic layer thickness, consideration of chazge

distcicucions within the bulx of the electrooptic crystal is necessary in order to
@ tocmulste 2 ceslistic resoluzion model.

- Considar a single point charge q lncated at (x,y,2)=(0,C,-t;) within the electrooptic
ccysta. layer as shown schematically in Figquce 2. Cetecmination of the Fourier components
of the pozentizl diffecence V(.) due to such a point charge is ecuivalent to calculation
of the zoctenzisl diffecence due to a periocdic chacge distcibuticn given dy
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Ilx,y,2) = o (1+cosux}é(z+e,) . (3)

as a Iunction of spatial frequency w. This approach has the advantage that once the
so..zion for a single point charge has been obtained, the inherent lineatxty of the
Fo.rier zransform may be utilized to solve multiple charge cases by summation of single
char3ez solutions, and continuous charge distribution cases by simple integration.

T2z :xial symmetry of the problem can be exploited by transformation to cylindrical
ccsriizates (0,9,2) where (5,3) are in the (x,y) pleane and z is the longitudinal
coc:iizate, as shown in Figure 1. Since the problem is invariant with respect to the
arg:uiaz coordinate 8, the rectilinear two-dimensional Fouzrier transformation bhecomes a
Bam«3. :tzansform. The voltage across the electrooptic crystal can then be written in the

foz=:

-
V(o) 3 V(o,-t,)-V(0,0) » s Jo V(w)Tg (o) udu (4)

whece J,(29) is the zeroth order Bessel function and w is a radial spatial frequency (14).
Expressing V(w) as a Hankel transform leads to a striking simplification of the
calculaction, since the Hankel transform of the delta function charge distribution (point
chacge) is a constant, EHence the difficulties associated with discontinuities in the real
space toundary conditions due to charge singularities ace automatically removed in Fourier
space.

The real space potential difference V(p) must satisfy Laplace’s equation in all four
regions depicted in PFigure 2, and must also satisfy the boundary conditions at both
electiroces, at both electrooptic crystal/blocking layer intecfaces, and at the plane
defined Doy the location of the point charge (zm-t4). Once V{(p) is deterrined, V(u) is
easily found by extracting the kecrnel of the Hankol transfocm (10), with the following
cesyle:

(3)

sinha (a-t,) sinh ub
1
V(s) = ?;Lu T cothg (D=t a) cothu (a=-t,)
) coshw (a-t )[1 Sotha(a-t, ] coshu (b=t ;) [}-—-5531535-7]

whers

(3
a=¢t + % coth l(EEi cothuc%) T (6)

angé

21 -1f%n1 .
b = = coth (E:; °°th(‘“°2a _ n

Note that as desired, V(w) is a function of the electrooptic crystal thickness t;, the
dielacizic blocking layer thicknesses t, and t3, the dielectric constants €oo and ¢y; of
the respactive layers, as well as on the location of the point charge tg4. In this
calculazion, the electrodes 2re both assumed to be grounded.

In the special case t;=t,, and t,=0, the problem reduces to that of a charge. pattern
coniined to the electfooptic crystal/dielectric layer interface of a two layer device,
with

Vi) = w__ : (8)
C.ocat tl + eblco: t; )

in agzaerent with the solution for this case derived previously (9).

~he toduylation transfer function (MTF) relating the output imzge modulation to the
inge: izage modulation may be obtained from the expression (9):

I -
MTF = % [ max - :min (9
Imax min : .
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ELECTROOPTIC SPATIAL LIGHT MOOULATGRS >0

whess2

I = iﬂ sin? | JVL0) 1+m Jtu coswx! (10)

out 2 VV2 vy
aré¢ =-nzra T is the spatial modulation index of the imposed charge distribution, Vy/2 is
gh2  z.agcrooptic crystal half-wave voltage, and Vv(0) 2 V(w=0). Physically, V(0) is the
avazizz vaiue ot the potential difference across the electrooptic crystal layer. In
Eg. 5., Ipax and 1! in 2fe the values of I u for coscx=l and coswx=-1, respectively.
Froz Is. (15)3 it can B&"seen that the characte?Y5¢ the solution for each case is fully
exzse3s2d by V(w) or V(w)/V(Q). Since the MTF for a given device will be both exposure

{v!T:. aad modulation (m) dependent, a more fundamental indication of expected device
pariszzance is obtained Dby presentation and discussion of the un-normalized {V(w)] and
norzalizeé (V(w)/V(0)] potential difference functions.

Eefore proceeding to a detailed presentation and intecrpretation of the results, it
should be pointed out that the un-normalized potential differences V(y) and the normalized
functions V(w)/V(0) have a direct interpretation useful for both comparison of distinct
devicas of different constitutive characteristics, and for comparison of the implications
of distinct charge distributions within a given device. 1In particular, graphs of V(u) as
a function of w parametrized by different device constitutive properties assume equal
exposure conditions (identical charge distributions), while graphs of V(w)/V(0) assume
optiaum exposure conditions for each compared device (i.e. sufficient exposure for each
device such that V(u) is optimized in the limit of low spatial frequencies). These types
of comgarisons are familiar from the case of photographic f£ilm, where the typical
resolucion/sensitivity trade-off forces a similar compacrison of film progerties on the
basis of either response to equal exposure, Or response tO optimum exposure.

III. Features of the solution for discrete charge distributions

The nature of the spatial fregquency dependence of the potential Jdifference V(uw) can be
more easily appreciated 1if the high and low spatial fregquency responses are examined.
These l:imiting forms acre given by:

t, (et )=t. ¢t
42" "3 12
{Viw)} = g . (11)
w0 Ceolt2tt3)*Ey 8
) -wAl -udz

(V(g)} = TSR [c -2 ] ' (12)

wre bl “eo
whez2 ;=% -t, and Aj,st,. The pacameters 4, and 4, represent the distance of the point
chacse frcm each diefectric blocking laye:/électrooptic crystal interface.

From E¢. (11), it is apparent that the low spatial frecuency limit of V(u) depends on
the _z2yer thicknesses and dielectric constants, as well as on the charge location. In
paccicular, if we consider the case of 2 symmetric device (i.e. a device with two
idenszical blocking 1layers), V(w) decreases 1linearly to zero and@ then increases to its

inizial value as the chacge moves from one intecface to the other. This is intuittively
agpesling since no veoltage drop is expected across the electrooptic crysral for s point
chazza in the center of a symmetric device. The low frequency cesponse is in addicion
indezezcenc of spatial freguency.

The nign frequency limiting form of V(w) given in Eg. (12) is a function only of the
dieisczzic constants of the layers, the spatial freguency, and the distances of the charge
from each of the blocking layer/crystal inkerfaces. 1If the point charge resides on either
interizce, V(w) falls off inversely with increasing spatial freguency. For even small
se;azacions of the chacge from either intecface, however, the high spatial freguencies
will 22 exzonentially sttenuated. Note that as in the low spatiel freguency case, Vi{w) is
2er3 «ren Ine charge is in the centec of the device. .

“he dezendence ot V(y) ané V(u)/V(0) on the dielectric consrant of the blocking layecs
(ass.e? ideazical) is shown in Figures 3 and 4, respectively. The effecr of increassing
the 2.2c«1ng layer dielectric constant is seen to reduce the device sensitivity (see
Figuss 2), while incceasing the high spatial frequency response for optimum exposure in
bot: cSases (see Figuce 4). Similerly, the effect of deccreasing the blocking 1layer
thic«ness creduces the dJdevice sensitivity but improves the relarive response at high
spazis. fracuencies (10). Ia Figures 3 2nd 4, a single point cherqe is located at one of
tre 2:2isctric blocking layec/electrooptic crystel intecfaces.

SPIE Vol. 218 Devices and Systrems lor Opticel Signsi Processing (1980) /7 7T

LIRS n".v.<~\.~ L '.'.! .‘; ,\-Han"\ulv - 4\-.5~ LY 'P..’: \-.“.’- ALRLE *-‘-‘- RCRTS TR -.‘ \! \! lh.' | ! \
3 X v 3 g o oy B, O 9y By Wt B8,

)




IRl AN I Dt e St e e AP S S LTS~ AL MDA g it Mt Sl 4 e DA R lte Al ol o Dt St dap kAt - oull a6l oin e D dC e s TN T VTV
. I . FRLI B R . Sl . L I A T R A S

51

A OWECHKO, TANGUAY
Trhe solutions for cases involving multiple point charges can be obtained by a 1lineac 9
sugerposition of the solutions for each separate point chatge. In pacrticular, the effect
of an electron-hole pair can be modeled if the point charges are assigned opposite signs.
The results of such a calculation as a function of tne charge sepacation ere shown in -
® Figures 5 and 6. In this calculation, the hole and electron  were assumed initially re
constrained to opposite interfaces, and were subsequently displaced symmetrically inta the .Q“
, bul< 0f =he electrooptic crystal layer. In Figures 5 and 6, each curve is labteled by the o
pos::ions of each point chacge according to the following convention: the electraoptic a
czystal layer is 500 um thick and the coordinate pairs labeling each curve are the 2
coccsinazes of each of the two point charges. Thus (500,0) represents 2 positive charge -
at sxe z#=500 um interface and a negative charge at the 2= 0.m intecrface. The device
pazazeters are those of the typical PROM configuration shown in Figure 1, From Figure §, =
& it is observed that displacement of the point charges away from the dielectric blocking .»a
' layer/electrooptic <crystal interfaces strongly degrades the high spatial frecuency
ressonse, and in addition reduces the sensitivity at low spatial frecuencies. The 24
exponential modification of the high spatial fregquency behavior is shown more clearly in SR
the graphs of V(yu)/V{(0) shown in Figure 6. Cue to the assumption of a3 symmetric device
configuration in thia calculation, it should be noted that charges of opposire siapr =
syaretrically placed on opposite sides of the electrooptic crystal layer contribute . N
o eGually to the total potential. Thus the results shown in Figure 6 for the dual charge
calculation are equally applicable to the case of a single charge of eppropriate sign K
placed at the same distances from either interface (i.e. 0, 50 and 100 um). -
The effects of asymmetric charge location within a symmetric PRCM device ace showm in. :::}
Figures 7 and 8. A positive point charge is located at one dielectric blocking g
laysz/electrooptic crystal interface (2z==500 um), and a negative point charge is placed at ‘:-
(Y varying distances from the opposite interface (2= 0o um). The device constitucive -
parameters are those shown in Pigure 1. This configuration models a hypothetical writing ()
process in which the incident illumination is characterized by a large absorption -
coefficient so that the (immobile) hole distribution is constrained to one interface,
while the electron distribution is forced into the bulk electrooptic layer by the appliee
field. The resultant charge separation will thus be a function of the constitutive device R
® 10 — T 10.0 T T ’
Viw) , V(o) A
}_h
, ° ol < 1.0 = €u " 30 - ».
€, 3 '
[
™
) [
0.01 . 0l - N
o
(3 ; ry
[l ] . [] 0.:\.
0.00! 0.0t - o
1.0 19.0 10 10.0 oA
.
SPATIAL FREQUENCY (line peirs/mm) SPATIAL FREQUENCY (line pairs/ mm ) ::-:‘
]
Fizuze 3. £2Zect of dielectric blocking Figqure 4. Effect of dielectric blocking
Tayer Srelectric constant on the spatial Tayer dielectric constant on the spatial S
recuency reszonse of Viw). A symmetric freguency rasponsa aof V(u)/V(0). e
PRCM Zdevice is assuned, with geometric Ny
anéd sonstitutive paramsters as shown in R
Figaure 1. The vertical scale is arbitrary, =t
L bus is tie same for Figures 3, 5, and 7. @
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proper=ies and the voltage across the device during the writing cycle. The resultant v/_)
curve for the case of the negative charge at the opposite interface (labeled ~(0)" in
Figucte 7) 1is exactly the same 2s the (0,500) case discussed with respect to Figure 5. 2as
the negative charge is moved in from the interface toward the center of the crystal, che
resgonse at high spatial fregquencies decreases more rapidly at first than the responsa at
low sgatisl frequencies. As the negative charge reaches the center of the electrooc=ic
cryszal layacr (2z=-250 um) and continues to appcoach the positive charge, the responsa at
low spatizl frequencies decreases faster than the reduction in high spatial frecuency
resgonse, For both charges in the same half of the electrooptic crystal, the respcase
characteristic becomes nonmonotonic, as can be seen in Figuce 7 and even moce graphiczlly
in Figure 3.

This remackable nonmonotonic behavior of the spatial freqguency response can be
explained with the aid of Figure 9, which details the contributions of each charge to the
total potaential. 1In Figure 9(a), the signs and magnitudes of the potential contributions
from both <chacges are positive, and the resultant potential has the same respoase
characteristic as that of a single charge positioned at an interface. In Figure 9(b), the
negative charge is 125 um (one quarter of the electrooptic crystal thickness) from the
intecface, and hence contributes a reduced low spatial frequency response and an
exponentially attenuated high spatial frequency response. At the center of the crystal,
the negative charge does not contribute to the potential due to symmetry, and the form of
the frequency response is the same as that for a2 single point charge at an interface {as
shown in Figure 9(c)]. The most interesting case is shown in Figure 9(d), in whiech the
charge separation is one Qquacter of the electrooptic crystal thickness. Bere the
contributions to the total potential from both charges have opposite signs. This
situation is equivalent to taking the difference hetween the V(uw) curves for two positive
chacrges at the same locations, as shown in the Pigure. The nonmonotonic behavior is taus
seen to arise directly from the exponential attenuation of the high spatial freguency
components of the potential due to the negative charge.

(0,500)
{0,500)

>

0.01 P . ol 4
(30, 430)
(S0,450)
(100 ,400) (100, 400)
0.00) L ) 0.0 .
1.0 10.0 i 1.0 10.0
SPATIAL FREGUENCY (line peirs/mm}) SPATIAL PREQUENCY (line peirs/mm )
Figqure 5. Z2fect of longitudinal charge Figure 6. Effect of longitudinal charge
position within the electrooptic crystal position within the electrooptic crystal
layer on zhe szatial frequency response layer on the spatial frequency response
of V(.). 1In sach case, two point charges of V(w)/V(0). MNote the marked attenua<ion
of opsosite sign are symmetrically placed of the high spatial frequency resconse as
relative to the center of the desvice. the charges are increasingly displaced

Each cuarve i3 labeled by the distance in from their respective intarfaces.

“m of the (negative, positive) charge from
the electzooptic crystal/dielect:ric
blocking laver interface at z= Oum.
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IV. Features of the solution for continuous charge distritutions

As in the cases involving multiple point charges, the solutions for cases involving
continuous charge distributions can be obtained by superposition due to the inherent
lineacrizy of the Fourier (Hankel) transform. Consider an acbitrary charge dicstribution
:{2z) confined to the bulk of the electrooptic crystal layer (-t3<z<0 in Figure 2). TIn the

o case of zhe PROM, wherein charge redistribution is effected either by electron-role pair
gereration or by photon-assisted detrapping, charge neutrelity must be enforced such that:

0

/ p(z)dz = 0. (13)
-tl

é Sucn an assumption will not apply explicitly in cases involving electron-beam addressed
eiectrooptic spatial light modulators. The contribution to the Fourier component V(w) of
the overall potential difference across the electrooptic crystal layer from the charqge
density at a given longitudinal coordinate z will be weighted by the Fourier component
V{s,2) generated by a point charge at the same longitudinal coordinate. Hence the total
integrated response is

T

0
® Viw) -f p(2)V(w,2z)dz. 1)
-t

1

This relation can be readily utilized to calculate the spatial freauency response
resylting from any arbitracy chacge distribution function. 1In particular, the process of
photogenecrated electron-hole pair generation and field-induced. separation is of
consicerable interest since it describes the response of the electrooptic spatial light

'Y modul ator to optical exposure. By way of illustration, such a writing process may be
singly sodeled as shown schematically in Figure 10 by assuming an immobile exponential

S

v

L}
s N
.

-
.

10 T T 10.0 T T
® A viw)
Viw) v{o)
{0)
< 1.0 (450) W
L)
(375)
{0,25Q)
4 AN (125) 9
L)
0.001 -1 ! 0.0! ~L -
® 1.0 10.0 1.0 10.0
SPATIAL FREQUENCY (line pain/mm)
SPATIAL FREQUENCY (line peinn/mm)
Fizure 7. Effect of asymmetric charge Fiqure 8. Effect of asymmetric charge
s0casions on the spatial frequency response ocations on the spatial frequency response
¢ of V(.). A positive charse is located at of V(w)/V(0). Note the nonmonotonic
the 2= ~5J0um electrooptic crystal/ behavior of V{(w)/V(0) when both charges are
éielectric blocking layer interface. Each in the same half of the electrooptic
cuzrve is labeled by the distance in um of crystal. The curves for the negative charge
a necative charge from the electrooptic at z= Oum and z= - 250um are identical.
crrszal/dielectric blocking layer interface
at 2= Jun,
@ . e .
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. hole distribution given by (for 0<z<tey in Figuce 10)
Dh(Z) = o, exp (-az) €15)

corresponding to the absorption profile of the writing illumination, and & gaussian
electron distribution given by

WARAARS

2
4(:-20) .
pe(z) = pg @Xp | = —3— 18)

g

such that the total charge density is p(2)= ph(z) + oe(z).
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Picure 9. Schematic explanation of the effect of asymmetric charge locations on

- the spatial frequency response of V(w) and V(w)/V(0). (a) Both charges are at
their respective interfaces; thus V, (w) = V_(w), and the total V(w) is simply
twice the potential difference expected for a single point charge (V(w)=2V, (u)).
(b) Here the negative charge is displaced from the interface, exponentially
attenuating the high spatial frequency response of V_(w). The sum of the terms
due %0 each charge thus decreases monotonically, with diminished high spatial
fregusncy response relative to case (a) (see Figure 10). (c) The negative charge
is placed at the center of the symmetric PROM. Hence, it does not contribute to
V(e) and V(w) = V4+(w). (@) The negative charge is in the same half of the
crystal as the positive charge; the total V(w) can be obtained by taking the
éiflerence between V,(w) and -V_(w), since V,.(w) and V. (.) have opposite signs.
Since V+(.) and V- (w) decrease at unequal rates, V(w) no longer decreases
monotonically.
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q " OWECHKO, TANGUAY :
N The assumption of analytié forms for opn(2) and p,(2) allows the total integrated .
5 response (Eq. (l4)) to be evaluated numerically in a straightforwacrs manner. The resul-s .
N £ two such calculations ace presented in Figure 11, The cuctve labeled (140;80,400) .
. represants an exponential hole distribution of characteristic width (l/e poine) 71.4 _m, =
© and a electron distribution centered at 400 um with a characcg:istic width of 20 .p.
3 These distributions produce a spatial frequency response exhibiting monotonic behazior as n
exzectad from the discussion relating to Figqure 9, since the majority of electrons and -
: hoies are on opposite sides of the electrooptic crystal layer. The curve labeled
. (280;43,50) represents an exponential hole distribuzion of width 25.7 .m, and a gaussian by
elec:zron distribution centered at 50 um of width 40 um. Here the electrons and holes ace .
prtimarily on the same side of the electrooptic crystal layer, giving rise to striking "
nonzonotonic behavior of the spatial frequency response. _'rhe response for two point
( ° chargas located at opposite intecrfaces is reproduced for comparison. A
- Note that in both cases shown in FPigure 11, the high spatial frequency response o
~ decreases more rapidly than the w=l dependence predicted from the single poin« chacge -}
- analysis for charges confined to the interfaces, and yet does not decreasase 23 rapidly as %
4 the exp(-wd) dJdependence predicted for point charges in the bulk away from the interface. i
: This bSehavior can be undecrstood by reference to Figure 12, which schematically illustrates '
[ () the form of the integrand in Eq. (14). Since V(w,z) decreases exponentially from its
. intecface values as the distance from either interface increases, charges near the 3
‘ interfaces are preferzentially weighted in the summation. In the limiz of large spatial .
. frequencies, the limiting form of V(w,2z) given in Eq. 12 may te emploved. Hence o
. o
y t ) S
~ - et -u(t.o-z) -2 E}
> (Viw)} = mt—%‘—r pl(z) e - e dz
'K wee e 'bl )
A 0 ) ¥
~ an
« -\._!_'.S_ [p(g ) - p(O)]
\ .° -
n: w (‘oo"bl)
( " . 10.0 y 1 B 1
Cad
o
-' ) Viw)
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»
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. |
2 1 Pel2)
. i
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S ] '
- e . ' 7
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1. ’ L}
:: Z s O l ZQ 2’ '.Q
‘ @ ’
i (Qlew’); Tlam), Tolpm)) 3
:‘ 0.00 L 1
- Fi 10. Example of lyti -e 100
. icure . xample of an analytic
. Icrngitudinal charge distribution
A representing exposurze-induced charge SPATIAL FREQUENCY (Nno peirs/mm )
( sezaration. The assumed hole
( digeridution is described by an .
. ez3onential absorption profile on(2) Figure ll. Effect of analytic ’
N wita absorption coefficient a. The Tongitudinal charge distribution K
.. electron distribution ce(2) is parameters on the spatial freguency .
., gaussian with width o centered at response of V(.)/V(0). The response .
" 2=23. . for the case of point charges at .
‘ opposite interfaces (0,500) is .
(LY presented for comparison. L}
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Thus 2t large spatial fregquencies, the response decreases as u'z , and the absolute
sensitivicy depends only on the charge densities at or near ‘the dielectric
layer/electrooptic crystal layer interface. Since this relation holds true independent of
the assumed,z dependence of the charge density, both cases described zbove are expected *o
agproach - asymptotically, as confirmed by reference to figure 11. Further support for
this zrediction 1is provided by experimental measurements of the modulation transfer
functign in PRCM structures (1,16), which also indicate asymptotic behavior proportional
to ==2. It should be noted that the shape of the longitudinal charge distribution
influences the onset of the high spatial frequency regime, such that distributiorns
primarily confined to the interfaces will approach the u~2 asymptote at higher spatisl
trecuencies than those distributions extending significantly into the bulk electrooptic
crystal laver.

A nore refined estimate of the device spatial freguency response resulting from optical
exposure may be obtained from iterative solutions of the charge transport eguations under
simulated exposure conditions (13). Charge distributions so obtained are subject ¢to the
assumptions that the minority carrier lifetime is independent of minority carrierc density,
that diffusion terms in the transport eguations can be neglected, and that the vacriation
in the electric field during the charge migration comprising each iteration can be
neglected. In addition, it is important to include the effects of finite electrooptic
crystal layer thickness and to enforce self-consistency between the incremented chacge
distribution and the resultant electric field distribution at each iteration stage (15),
in contrast to the method proposed in Ref. (13).

Sample charge distribution results corresponding to exposure wavelengths of 450 mm and
375 nm for device constitutive proporiies as described in Figure 1 are shown in Figure 13.
The absorption coefficients (a=30 cm™* @ A=4S50 nm; 6=830 cm~+ @ A=375 mm) are such that
the 375 nm case is characterized by close confinement of the hole distribution nescr the
input intecrface with shallow electron penetration into the bulk, whereas the 450 nm case
is chacacterized by significant electron-hole pair generation throughout the electrooptic
srystal layer, resulting in a sizeable accumulation of electrons at the far interface, as
shown in Figure 13.

q
W(€eo* €y

L

-9
| W{€qe*Ep))

Z:0 Z21go

Figure 12. rigin of w-2 asymptotic behavior for continuous
charge distribution cases. The total response V(w) at high
spatial freguencies is given by the integral throuchout the
electrooptic crystal layer of the high frequency form (Eg. 12)
of V(u,2z) weighted by the charge density o0(z). In the limit
of large w, the exponential attenuation with 2z of V(w,2)
emphasizes the contribution from charges at or near the
respective interfaces.
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The spatial freguency responses calculated from these widely disparate charge
districutions are shown in Figure 14. As expected, the closely confined charge in the 175
ne sase produces a nonmonotonic spatial frequency response, whereas the volume excitation
pcesest in the 450 nm case generates a monotonic frecguency response. Thig situation is
quize similar to that described previously with ceference to the exponential/qaussian
analytic distribution cases. Cne interesting feature of the 450 nm case is the presence
of 2 lacrge density of accumulated electrons at the z=t,, interface (due to the fact thae
the 3112t length is of the same order as the crystal thickness) (see Figure 13). The high
szatial fregquency response of such 3 highly confined chacge density at an intecface s
exz2ctad to decrease ne2rly as w” (see Eg. 12) at intarmediate spatial frecuencies,
apscoaching the reguired w™ ¢ asymptote only at extremely high spatial freguencies. This
coz::iis:ion is evident in Figure 14, inasmuch as the A=450 nm asymptote lies between -1
aré -."¢ over the spatial frecuency range shown. Similar limiting behavior is evident in
the -=2375 nm case, due to the close confinement of the hole distribution to the z=0

intec face.

[}
L

V. Device implications

The dependence of the spatial freguency response on the dielectric constants and
thicknesses of the dielectric blocking layers (as shown in Figuces 2?2 and 4, and in
Figuzes S and 6 of Ref. (10)) indicates that new PRCM devices can be envisioned with
modulation transfer functions constant to much higher spatial freguencies than ace
chacactecistic of presently available devices. Gains in MTP behavior due to choice of
dielectric blocking layer properties will be accompanied by an overall reduction in device
sensitivity. Such new devices, however, would provide significantly improved image
fidelity and resolution in applications where requicements on device sensitivity can be
relaxed, similar to the familiar tradeoff in the case of photographic film. Tn order to
improve PRCM resolution, high dielectric constant, high dielectric breakdown strength,
high resisvivity dielectric blocking layers are required.

10.0 T ]
0 ] 10 |- 20 23
3= 109 T T ! T 13 )0
- vM
Il - v{o)
- $x)10' o
-
-
<
]
(3]
1 3 L L R As450 mm
0 100 200 Joo 400 500
Z (um)
a.ot L 1

10 0.0

Ticzize 13. Longitudinal charge

cisizidutions o(z) calculated numerically ATIA : .

using an iterated elactron drift model » L FAEQUENCY {line pein/mm )
oz two exposure wavelengtis (and

cocsrespending absorgtion coefficients).

Cszves A and B resulc from exposure Figure 14. WNormalized frequency
w“avelengths of 450 nm and 37% nm, responses V(w)/V(0) for the calculated
cesdectively. The left and lower longitudinal charge distributions of

scales correspond to curve A, while Pigure 13. The normalized response
the right and upoer scales correspond of poiant charges at the two interfaces
O cucve 8. is included for comparison.
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=3 effact of exposure-xnduced charge distribution throughout the bulk of the
elec::30z:ic cryst2l layer is seen to have an adverse effect on the high spatial freguency
tes-O'sa characteristics of the image storage process. The optimum resolution and
izivizy within a given PRCM device structure are obtained when the hole distribution
tzained to th2 interface nearest the negative electrode, 2nd the entire electron
dxs:: :u::on is swept to the intecface nearest the positive electrode during the writing
Tne actual resolution and sensitivity obtained@ for a given device are thus
s::c:;;; degendent on the absorption coefficient of the electrooptic layer at the writing
illyminzzion wavelength, on the external applied voltage and voltage division between the
multizlsz layers during the writing cycle, and on the mobility-lifetime product of
photocansrazed electrons in the electrooptic crystal. Such bulk charge distribution
effeczs will also strongly affect the resolution and sensitivity for cases where the
image-<i52 2cdulated charge pattecn is induced by high energy electron beam (6) and x-ray
(3) sdogzsaes.

VI. Summacy

A generalized expression for the spatial frequency response of a three layer
electrooptic spatial 1light modulator is presented, which gives explicitly the dependence
of the cresponse on the thicknesses a2nd dielectric constants of the layers, and on an
arbitrary longitudinal charge position within the electrooptic crystal layer. This
solution is applied specifically to the case of the Pockels Readout Optical Modulator
(PRCM), wherein the importance of the inclusion of bulk charge distribution effects is
clearly demcnstrated. These results are extended to several cases involving continuous
longitudinal charge distributions, including both analytic (exponential hole/gaussian
electron) and iterative (exposure-induced) charge density functions. The spatial
freguency resgonse in the continuous distribution cases reflects the essential features of
the point charge solutions. The generalized formulation developed herein can be utilized
to model specific device operational modes and writing cycle parameters. Application to
other ESIM's with anisotropic electrooptic materials exhibits device geonmetric,
conscizutive, and charge distribution effects similar to those described herein (15).
Research on the implications of including two-dimensional checge diffusion effects during
the wrizing process is curtently in progress.

Appendix I. Transverse contribution to PROM elsctroootic effect

The contribution to the electrooptic effect of the electric field components transverse
to the 1light propagation direction can be determined by consideration of the index
ellizscii. For a crystal of 123 symmetry such as 3112510 the only nonzero electrooptic
coeifizients are (in the usual contracted notation)

Tq1 = Fs2 = T3 -1

If c2a longitudinal direction (corresponding to both the direction of the applied field
and cxe diraction of light propagation) is taken to be the z-axis, then the transverse
field co=ponants E, and E modify the index ellipsoid such that

Y
2 2 2
x k4 -
iR Rl AL RR ALY L =2
‘o o °

wvhers tie longitudinal field E; is taken to be zero for simplicity, and no is the zero
field index of refraction. In the usual PROM geometry, the lxghe propagation direction
is along the crystallographic <001> axis. The polarization eigenstates are determined by
the incersection of the ellipsoid with the plane normal to the light propagaticn direction
(z = 0 zlane), which is described by

2
Lelh = (A=3)
nO no

Since =2e intersection is circularly symmetric, the transverse fields E and Ey, do
not son=risute to the electrooptic effect for light propagating along "the 2z axis.
Consag:ently, only the longitudinal component of the alectric field need be considered in
cal~"13-z-g the field induced birefringence.
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SPATIAL LIGAT MODULATORS FOR REAL TIME
OPTICAL PRUCESSING

Armand R. Tanguay,Jr.
Image Processing Institute
Departments of Electrical kngineering
and Materials Science
University of Soutnern California
University Park, Los Angeles, California 90007

Abstract

Several candidate real time spatial light modulator technologies for conerent optical
Processing applications are reviewed. Physical principles of operation are described, as
are current technological and fundamental physical limitations on device performance. A
number of promising directions for current and future research on spatial light moaulators
are gresented.

I. Introduction

Following the advent of the laser, and directly stimulaced by its ready availabilicy,
tremendous progress has been achieved during the past two decades in the develojment of
conerent and incoherent optical processing techniques. However, the many advantages of
two-dimensional parallel processing are not fully exploitable in image and data processing
systems without the availability of appropriate real time spatial lignt modulators.
Although a wide range of candidate spatial light modulator technologies nave been proposed
and extensively researched and developed, no single candidate has as of yet emerged that at
once satisfies the system reGuirements of low cost, reliability, and ease of operation waile
simultaneously exhibiting the requisite tecnnical performance characteristics demanded by
increasingly complex optical processing applications.

Several factors have primarily contributed to the present gap between the level of
sophistication of optical processing techniques and the developyment status of spatial light
modulators necessary for real time implementations of such techniques. First and foremost,
cevice research and development is inherently expensive due to large capital eyuipment
requirements, necessary parallel research and development efforts in growth, cdeposition, and
cnaracterization of materials, and multiple iterations of device design on the basis of
operational characterization and application-dependent criteria. To dJdate, the prospective
narket for such devices has not generally been viewed as large enough to encourage the type
of major investments that stimulated rapid progress in such areas as information disylays
and solid state lasers. An added complication arises from the fact that all of the current
candidate spatial light modulators are active devices, and as such reyuire extensive
parametric characterization coupled with comprenensive understandiny of the fundawental
device physics for optimum results in diverse applications. Major progress in both of these
areas has been a relatively recent development. Finally, it has become increasingly
apparent that no single spatial light modulator (at least of those presently envisioned) s
capable of satisfying the wide range of at times conflicting demands stemming from the great
diversity of proposed real time optical processing applications.

In the past few years, research has been initiated in a number of laboratories on the
physical principles of operation of generic classes of spatial light modulators, on tne
requisite materials technologies, on methods of device characterization and analysis, and on
new types of spatial light modulators for special applications. Such researcn has
demonstrated encouraging results, particularly in the areas of increased physical
unders:anﬁinq of optimum device operational modes and design parameters, and of novel device
technologies.

In view of the numerous extensive reviews of spatial light modulators that nhave already
been published (1-7) the purpose of this paper is to present a survey of recent results in
the research areas described above. In particular, emphasis will be placed on our present
understanding of some of the fundamental physical limitations innerent in several of tne
more promising spatial light modulator technolojies. In succeeding sections of tnis gaper,
performance patameters of spatial light modulators are briefly described with empunasis on
several difficulties inherent in such performance evaluation and specification. Current
progress in three major types of spatial light modulators (electrooptic, liguid cryscal, and
photorefractive) s then described. Finally, soue future directions for research in several
of these areas are sujggested. .
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II. Performance Evaluation of Spatial Light modulators

( @ A wide range of potential applications exists for real time, recyclable spatial 1light

‘modulators in systems implementations of coherent optical processing technijues. . These
~ applications include use as the input incoherent-to-coherent image transducer in optical 4
» correlators and convolvers, programmable Fourier plane filters, serial-to-parallel z
N (two-dimensional) buffer memories, page composers for holographic memories, real ctime .
o holographic recording media, and hnolographic Fourier plane filters. In addition, many h:
- optical processing applications demand considerable image preprocessing, including contrast (]
n variation, contrast enhancement, contrast reversal, edge enhancement, 1mage fﬂ
( (\ ) addition/subtraction, thresholding, level slicing, and minimization or elimination of the 2
zeroth diffracted order in the Fourier plane. !

Performance evaluation of each of the candidate spatial light modulator technologies -
is complicated by the innerently diverse requirements demanded by such a wide range of
applications and desirable features. A number of performance parameters important in
coherent optical processing applications are presented in Table I. This listing

i characterizes device parameters required for primarily "linear®” applications, in whicn the
b Qe SLm output amplitude is optimally a linear function of the input intensity. additional
‘ parameters should be added for characterization of SLM's designed for "nonlinear"”

IR
PR

'4"hﬁ;

- applications, {ncluding ideality of the implemented nonlinear function (e.q., logarithmic BA
| - for homomorphic filtering, or step for thresholding), programmability of the nonlinearity "
2 (e.g., variable level slicing), extended resolution requirements (‘°?°' halftoning) and the o
~ necessity for post-modulator thresholding (i.e., electronic or optical). 5:
- f",‘
. "
C TABLE I: PERFORMANCE PARAMETERS FOR SPATIAL LIGHT MODULATORS: wd
¢ "LINEAR® APPLICATIONS.
< d
. N
linearity cycle time N
sensitivity optical quality %7
resolution; MTF optical uniformity -3
contrast phase dependence ".
K address mechanism operational complexity )
{ write/read wavelengths fabrication complexity l
- . erase mechanism lifetime :
. grey scale (dynamic range) cost -:
, storage capability/time special features "
s phase or amplitude readout reciprocity behavior -
g Fourier plane signal-to-noise ratio Y
° ’ .
: The difficulty of side-by-side comparison of Slm's {s readily apparent from tne h%
» considerable number of characteristics presented in Table I. The suitability of an Y
2 individual SLM also depends critically on the particular application for whicn it is i
> envisioned. Furthermore, data describing several of these performance parameters can be 3y
.- highly misleading due to differences in definition and measurement techniques (1,8). For }
- example, device sensitometry (linearity and sensitivity), resolution (modulation transfer e
. function), Fourlier plane signal-to-noise ration, uniformity (global vs. local), and
{ exposure~-dependent phase present particular complications in specification and
“ interpretation. Sensitometry, resolution, and exposure-dependent phase depend on a wide
% range of parameters (including, for example, wavelength input, exposure magnitude, exposure <
: pulse duration, operational mode (biasing conditions), readout mode, magnitude of baseline ;
.. subtraction) since SLM's are truly active devices. Resolution (MTE) specifications also -
. depend strongly on the measurement technique and analytical method employed (8) due to »”.
. physical differences in device response to, for example, holographic fringe exposure as "
opposed to incoherent grating exposure at a given wavelengtn. Mmeasurement of Fourier plane W
(! signal-to~noise ' ratio and device uniformity are largely dependent on defect densities that ]
Y vary greatly from device to device due to lack of appropriate manufacturing process control. h
. The problems noted above with regard to accurate parametric- and application-dependent &
. characterization of Sim’s are by no means insurmountable. Rather, they point out tae N
. iaportance of continued advances in the fundamental physical understanding of device design \
; and operation. As will be illustrated in several cases below, such improved understanding 5
* can indicate optimum design criteria, new operational modes, and new applications for
e traditional SLM's, as well as provide direction for the development of novel Sia ’
. technologies.
= (Wt
In the following three sections, current progress in each of three categories of \:
’ spatial 1light modulators is hignlighted, with emphasis on the physical principles of device :
A - ‘e
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opera:ign. principal advantages and disadvantayes for potential applications, and where
appropriate on current technological vs. fundamental limitations of device performance.
¥ ) The scope of this paper is necessarily limited, and the goals are to describe recent results
that demonstrate the importance of advances in device understanding on SLM pperation, as
well as to point out a number of promising novel SiM technologies. This focus has
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necessitated some selectivity in the types of devices treated. Spatial light modulators o

based on thermoplastic, deformable oil film, deformable membrane, electrooptic ceramics hy

(PLZT), magnetooptic, photochromic and photodichroic effects nave been reviewed previously ?i

(see Refs. 1-7). In Section III, progress in electrooptic spatial liyht modulators is o

: described, including the Pockals Readout Optical Modulator (PROM), the Microchannel Spatial &3l
¢ Light Modulator (MSLM), and the photo- and electron beam-DKDP devices. Section IV covers e
recent advances in 1liquid crystal spatial 1light modulators, including the hybrid fielu [ ]

effect liquid crystal light valve (LCLV), the Si-addressed LCLV, and the newly developed fﬁj
CCD~addressed LCLV. In addition, two novel 1liquid crystal devices are described for o
nonlinear processing applications: the multiple period LCLV for parallel A/D conversion and -

the wvariable grating mode 1liquid crystal device for implementation of arbitrary point ¢?4
nonlinearities and optical logic and computing applications. Photorefractive effect spatial <X

light modulators for applications in correlation/convolution, edge enhancement, et

® double-exposure holographic testing, and phase conjugate image generation are described in o=
! Ssction V. [ ]
.’-

III. Electrooptic Spatial Light Modulators ~:~

Electrooptic spatial light modulators (ESLM's) have been investigated for numerous ..

] applications in coherent optical signal processing, including the Pockels Readout Optical
modulator (PROM) (9), the Microchannel Spatial Light Modulator (MSLM) (10,11), the electron
('Y beam-DKDP SLM (TITUS) (12,13), and the photo-DKDP SLM (PHOTOTITUS) (14,15). Such devices

flrf:-l

record two-dimensional image information in the form of a charge pattern which modulates the P
voltage across an active (electrooptic) single crystal layer. The charge pattern is s
typically induced either by intensity modulation of 1light incident on a photoconductive si
layer, or by direct electron beam charge deposition. more recently, image storage in ESLm's *n

"

has been accomplished by exposure to x-ray sources (13,16) and by high energy beam charge
implantation (13,17). In each case, the image-wise modulated voltage is sensed using
polarized light by means of the linear electrooptic effect.

<,

1 Since all four of these electrooptic spatial light modulators have a number of similar
operational features, the description of their essential characteristics will be simgplified .;1
by examining the physical operation of the PROM first as an example, followed by discussions }:
of each of the other devices. N2
‘,1
III.1 Pockels Readout Optical Modulator (PROM) :$
L L
() ] A schematic diagram of a typical PROM structure is shown in Figure 1. The device is o
comprised of a photoconductive, electrooptic crystal wafer (Bi;,5i0,49) sandwicned between ’!‘
two thin dielectric blocking layers. The blocking layurs are coated with transparent &
electrodes. The operation of the PROM is shown schematically in Figure 2. A voltage P\
(typically 2 kV) is applied to the device, dividing between the dielectric and electrooptic ‘55
¢

layers in inverse proportion to the capacitance of each layer. A pulse of uniform uv
illumination generates free electron-hole pairs which are subsequently separated by the
applied field. Since the mobility-lifetime product of electrons is much larger than for
¢ holes in Bi]3510329, illumination of the negative electrode provides the most efficient field
reduction per absorbed photon. In this “erase/prime® step (Figure 2), sufficient uv
illumination is provided to effectively cancel the internal field in the BSO layer. Note
that the dielectric blocking 1layer thicknesses must be sufficient to witnstand 1/2 V...
wWhen the applied bias Vv, is now reversed, the applied field and the field due to Ege
stored (displaced) charggs acd rather than cancel, resulting in approximately 2V, dropped
across the BSO layer. Illumination from the negative eslectrode side with fgaqc-wxsc
modulated blue 1light causes electron-hole pair generation and subsejuent charge separation
Y at a rate proportional to the incident intensity at each location, giving rise to a
) reduction in voltage across the electrooptic crystal {n flluminated regions. Since in tne
absence of illumination (subsequent to the writing process) the dielectric relaxation time
(ccpp) of bismuth silicon oxide is unusually large (of order several thousand seconds), tnhe
electron distribution is trapped in the bulk; hence, the written charge distribution i3
stored. The resultant two-dimensional voltage distribution induces a birefringence (tnrough
the linear longitudinal electrooptic effect) which alters tnhe polarization of linearly
polarized readout 1light oriented to bisect the principal birefringent axes, proagucing an
¢ image-wise modulated amplitude when viewed through a crossed analyzer (see Figure 3). The
‘ readout amplitude transmitted cthrough a PROM between ideal crossed polarizers may pe
expressed as

¢
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Alx,y) = 7-; sin ( TpRetl) (1)

A/2

where A, is the incident readout light amplitude, V, , is the half-wave voltage of the
clec:togptic crystal, and V(x,y) is the voltage 4cross the electrooptic crystal at image
coordinate (x,y). It should be noted that in the above expression it is assumed that the
readout wavelength and intensity are chosen such that insignificant photoconductive charge
redistribution occurs, and the effects of natural optical activity in the bismucth silicon

® oxide crystal may be neglected (18,19). Thus the output amplitude {s a monotonic function
of the input intensity (for applied voltages less than the electrooptic half-wave voltage);
such a transfer relationship is desirable for incoherent=to-coherent conversion and $
subsequent coherent signal processing operations.
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The write/read mode described above is presented again in Figure 4, where three -
different levels of exposure are depicted. Note that in this mode of operation a negative 3
of the input image is produced on readout. An image positive may be creaced easily by )
reversing the sense of the applied voltage, creating a contrast reversal, as shown. In
addition, contour generation (level slicing) is achievable by varying the external bias,
causing various internal field regions to be cancelled by the external applied field. 1In
the illuscration chosen in Figure 4, the region labeled "2" has been brought to the null
condition by suitable reduction of the applied voltage. Contrast enhancement of highly
underexposed images results from external bias adjustment to disperse the exposed reygions
about the zero field condition, as shown.
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Recent progress has been achieved in the analysis of the fundamental resolution
limitations of the PROM as well as of the other electrooptic spatial light moaulators
(20-22)., From the nature of Eq. (1), it can be seen that the resolution of an electrooptic
spatial 1light modulator depends directly on the relationship between a periodic (spatjal
. frequency w) variation in the writing intensity, and the resultant spatial modulation of tne
- voltage across the electrooptic crystal. The cubic symmetry (I23) of bismuth silicon oxide

in conjunction with the orien’ition of the electrooptic crystal slice (<001>) assures tnat
only longitudinal components of the electric field contribute to the induced birefringence
® through the electrooptic effect. Therefore, the modulation in output amplitude [see
Eg. (1)] depends only on the voltage difference V(x,y) between opposite sides of the
electrooptic crystal at each image point (x,y). In the absence of significant
two-dimensional diffusion effects in comparison with the drift-aided charje separation of
photogenerated electron~hole pairs, V(x,y) will be a function of the dielectric constants
and thicknesses of the electrooptic and blocking layers, the locations (in the z-direction)
of the trapped hole and electron distributions resulting from the writing (image recording)
orocess, and the spatial frequency of the charge (writing intensity) modulation in the (x,y)
o Plane.

From an exact solution of the device multi-layer structure containing a single point
charge, the Fourier transform of the voltage distribution (which can be directly relatea to
the modulation transfer function) was derived as a function of the charge location within
the electrooptic crystal and the device layer parameters (20). Since the modulation
transfer function (MTF) for a given device will be both exposure and modulation dependent, a
more fundamental indication of expected device performance is obtained by presentation and

'S discussion of the un-normalized (V(w)] and normalized (V(w)/V(0)] potential difference
functions.
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At this point, it should be mentioned that the un-normalized potential differences V(y)
and the normalized function V(w)/V(0) have a direct interpretation useful for botn
comparison of distinct devices of different constitutive characteristics, and for comparison
of the implications of distinct charge distributions (resulting from different exposure
parameters) within a given device. 1In particular, graphs of V(w) as a function of
parameterized by different device constitutive properties assume ejual exposure conditions
(identical charge distributions) while graphs of V(w)/V(0) assume optimum exposure
conditions for each compared device (i.e., sufficient exposure for each device sucn that
V(w) is optimized in the limit of low spatial frequencies. These types of comparisons are
familiar from the case of photographic film (23) where the typical resolution/sensitivity
trade-off forces a similar comparison of film properties on the basis of either response to
equal exposure, or response to optimum exposure (see Figure S).
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This situation is graphically illustrated by reference to Figures 6 and 7, wnicn depict
the spatial frequency dependence of V(w) and V(w)/V(0) for PROM device parameters as snown
in Figure 7, with the dielectric constant of the dielectric blocking layer as a parameter.
The effect of increasing the blocking layer dielectric constant is seen to reduce tne device
sensitivity (see Figure 6), while increasin3y the high spatial frequency response for optimum
exposure in both cases (see Figure 7). In Figures 6 and 7, a single point cnarye (3 located
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at one of the dielectric blocking layer/electrooptic crystal interfaces.

The dependence of the spatial frequency response on the dielectric constants and
thicknesses of the dielectric blocking layers (as shown in Figures 6 and 7, and in Figures 5
and 6 of Ref. (20)) indicates that new PROM devices can be envisioned with modulation
transfer functions constant to much higher spatial frequencies than are characteristic of
presently available devices. Gains in MTF behavior due to choice of dielectric blocking
layer properties will be accompanied by an overall reduction in device seasitivity. Such
new devices, however, would provide significantly improved image fidelity and resolution in
applications where requirements on device sensitivity can be relaxed (as is the case with
photographic film). In order to improve PROM resolution, high dielectric constant, hign
dielectric breakdown strength, high resistivity dielectric blocking layers are reguired.

In an effort to understand the effects of exposure-induced charge distributions
throughout the bulk of the electrooptic crystal layer on PROM resolution, solutions for
cases involving multiple point charges were obtained by a 1linear superposition of the
solutions for each separate point charge (21). In particular, the effect of an
electron-hole pair can be modeled if the point charges are assigned opposite signs. The
results of such a calculation as a function of the charge separation are snown in Figure 8.
In this calculation, the hole and electron were assumed initially constrained to opposite
interfaces, and were subsequently displaced symmetrically into the bulk of the electrooptic
crystal layer., Three cases are depicted in Figure 8, in which the hole and electron were
first constrained to opposite dielectric blocking layer/electrooptic crystal interfaces
(0,500), and were subsequently displaced symmetrically into the electrooptic crystal layer
by 50 um (50,450) and 100 um (100,400), respectively. From Figure 8, it is observed that
charges displaced from the dielectric blocking layer/electrooptic crystal interfaces
strongly degrade the high spatial frequency response. In addition, sucn displacement
reduces the sensitivity at low spatial frequencies (21).

An estimate of the device spatial frequency response resulting from optical exposure
may be obtained from iterative solutions of the charge transport equations under simulated
exposure conditions (24,21). Sample charge distribution results corresponding to exposure
wavelengths of 450 nm and 375 nm for device constitutive properties as described in kigure 1
are shown in Figure 9. The absorption coefficients (a= 30 cm lg A= 450 nm; a = 830 cm~1 @
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Figure 9. Llongitudinal charge distribution Fiqure 10. Normalized frequency responses
olz? calculated numerically using an . Wim for the calculated longitudinal
iterated electron drift model for two charge distributions of Figure 9. The
exposure wavelengths (and corresponding normalized response of point charges at
absorption coefficients). Curves A and B the two interfaces is included for compa-
result from exposure wavelengths of 450 nm rison.

and 375 nm, respectively. The left and
lower scales correspond to curve A, while
the right and upper scales correspond to
curve B.
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A = 375 nm) are such that the 375 nm case is characterized by close confinement of the hole
distribution near the input interface with shallow electron penetration into the bulk. In
contrast, the 450 nm case is characterized by significant electron-hole pair generation
throughout the electrooptic crystal layer, which results in a sizeable accumulation of
electrons at the far interface (as shown in Figure 9).

The spatial frequency responses calculated from these widely disparate charge
distributions are shown in Figure 10. The closely confined charge in the 375 nm case
produces a nonmonotonic spatial frequency response (20-22), whereas the volume excitation
present in the 450 nm case generates a monotonic trequcnc! response. In both cases, the

high spatial frequency response asymptotically approaches w %, in contrast to the w-l
asymptote applicable to cases where all charges are confined to the interface (21).

The effect of exposure-induced charge distribution throughout the bulk of the
electrooptic crystal layer {is seen to have a marked effect on the high spatial frequency
response characteristics of the image storage process. The optimum resolution and
sensitivity within a given PROM device structure are obtained when the hole distribution is
constrained to the interface nearest the negative electrode, and the entire electron
distribution is swept to the interface nearest the positive electrode during the writing
cycle. The actual resolution and sensitivity obtained for a given device are thus strongly
dependent on the absorption coefficient of the electrooptic layer at the writing
illumination wavelength, on the external applied voltage and voltage division between the
multiple layers during the writing cycle, and on the mobility-lifetime product of
photogenerated electrons in the electrooptic crystal. Such bulk charge distribution effects
will also strongly affect the resolution and sensitivity for cases where the image-wise
modulated charge pattern is induced by high energy electron beam (13,17) and x-ray (16
sources. Specification of tire exposure wavelength (in addition to exposure level, bias
exposure, operational mode, and MTF test method (8)) is thus seen to be critical for proper
device evaluation and comparison. Research on the phvsics of the device operational modes
(prime, erase, exposure, and “"superprime” (9)) utilizing the charge transport and resolution
models described above is currently in progress.

The PROM will continue to be utilized in applications requiring either temporal storage
or time integration. Current PROM's exhibit excellent contrast and Fourier plane
signal-to-noise ratio, moderate sensitivity and resolution, and provide a number of active
image preprocessing functions. The principal shortcomings of the PROM relative to certain
applications are nonlinear sensitometry effects at high exposure levels, the necessity of
blue write wavelengths for optimum sensitivity and resolution, and the lack of a completely
nondestructive readout mode (which limits the available readout gain).

III1.2 Microchannel Spatial Light Modulator (MSLM)

The Microchannel Spatial Light Modulator (mSLM) (10,11) {s under development for
coherent optical processing applications requiring high sensitivity, such as stellar speckle
interferometry or low-visibility optical communication. The MSLM is shown schematically in
Figure 11, consisting primarily of an evacuated cell (whicn may be either sealed or
demountable), a photocathode, a microchannel array plate, a dielectric mirror, and "'a thin
electrooptic crystal layer. The microchannel array plate consists of an array of
semiconducting glass-lined pores (10 ym diameter), and is bounded by two semi-transparent
electrodes. The pores are oriented at an angle to the plate normal, so that incident
electrons impact the pore walls, givin rise to electron multiplication by successive
secondary electron emission. The microchannel plate is separated from the electrooptic
crystal by a gap (°500-1000 um). In combination with the dielectric multilayer mirror, this
gap serves a voltage division function similar to the dielectric blocking layer in the PROm.

In operation, an initial electron distribution is emitted from the photocathode in
response to an incoherent or coherent control image (within the wavelength region of
photosensitivity of the photocathode). After electron multiplication in the appropriately
biased microchannel array plate, the amplified electron image is proximity focused onto the
dielectric mirror. Either positive or negative charge distributions can be written on tne
mirror surface, depending on whether the ratio of secondary (emitted) electrodes to primary
(incident) electrons is greater or less than unity (see Figure 12). The charge distribution
induces a spatially varying longitudinal electric field field in the electrooptic crystal
layer, which modulates the local refractive indices through the Pockels effect. As in the
case of the PROM, either phase or amplitude modulation can be achieved on reflective readout
by appropriate readout polarization and/or orientation of the electrooptic crystal. In
current devices (11), both Lle03 and Lﬂ'ao3 2=cut plates have been utilized to produce pure
phase modulation.

The dynamic operation of the MSLM can be understood with reference to Figure 13, which
depicts lines of stable equilibria (full bold lines) and a line of unstable eguilibria
(broken bold line) in the state-space of the device (gap eneryy eVg as a ftunction of
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Figure 1ll. The microchannel spatial light

modulator (MSLM): proximity-focussed
configuration. (After warde, Ref. 10).
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Figure 13. State-space plot illustrating
the dynamic operation of the MSLM. (After
Warde, Ref. 1l1).
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effective cathode potential eVy). The effective cathode potent.al is a function of the
secondary emission characteristics of the dielectric mirror/crystal surface, the gap voltage
Vg, the microchannel plate voltage Vp.p, and the shape of the electron energy distribution
enitted from the microchannel plate. The parameter §_ is the ratio of secondary electrons
collected by other parts of the system to primaty elfctrons. with no illumination incident
on the photocathode, the gap voltage may be altered by raising or lowering V (see
Pigure 1ll). If the gap voltage is initially biased into the region where 6c<1, illumination
of a particular region of the photocathode will induce electron deposition on the crystal,

2
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causing the 1local gap voltage to drop along one of the vertical lines shown in Figure 13. e
Saturation in this region will occur when the total local exposure exceeds the level ]
required to drive the gap voltage onto the stable equilibrium curve. The image can be g_

erased by subsequently lowering the bias into the region §c>1 and uniformly or selectively
illuminating the photocathode, such that net electrons are emitted from the surface, raising
the local gap voltage along one of the dashed lines shown. The lower dashed bold line
labeled E.,,] Crepresents unstable equilibria, since lowering of the gap voltage below this
line causes gn:ry to a8 second 5.<1 region, such that illumination drives the gap voltage
toward the 1line E_, = 0 along which the incident primary electron energy at the crystal
surface is zero. Hcgcc once & local region of the crystal surface resides on this line, the
local potential cannot be further altered without changing the bias level vb.

Charge distributions have been successfully stored directly on a 500 um thick LiTaO,
crystal (without a dielectric mirror) fog periods as long as two weeks (ll). Although theé
surface and bulk resistivities of LiTa03 are such as to result in large dielectric
relaxation time constants, it is likely that deep surface trap states with extraordinarily
long relaxation times must be involved in the electron-induced charge storage mechanism.
Research on the nature of such trap levels by spectroscopically selective photoemission is
currently in progress (25). The existence of image storage capability can be wused in
concert with programmable variation of the bias voltage V, to allow implementation of
several useful image preprocessing functions. Image addition and subtraction can be
performed by temporal integration and sequential selective write/erasure, respectively.
Contrast enhancement and reversal can be implemented by bias adjustment following exposure,
as described earlier in the case of the PROM. Utilization of the erasure saturation
characteristic described above provides a form of variable level thresholding. In addition,
edge enhancement is possible due to variation of the secondary electron emission
characteristics {n the presence of fringing fields in a region of exposure discontinuicy.

One of the most promising features of the MSLM configuration {is its inherent
flexibility in both choice of electrooptic crystal and choice of photocathode material
(which together determine the readout and writing wavelength response regions for the
device, respectively). Since the misrochannel array plate is inherently responsive from
X=-ray td near-uv wavelengths, no photocathode is required for operation in this regime. The
device exnibits extremely high sensitivity, and the physical separation of the write and
read functions allows further inherent throughput gain in image amplifier applications. The
combination of 1long term storage with (at present) near-TV frame rates allows great
flexibility in system design. Current MSLM's exhibit resolutions (3 lp/mm) limited by the
thickness of the electrooptic crystal, the relatively thick dielectric blocking layer (gap).,
and the low dielectric constant of the gap. Although the implementation of the active image
preprocessing functions described above involves rapid programmability of relatively hign
xzigzgc:.lthc almost purely capacitive, loading presented by the MSLM should minimize such

culties.

111.3 Photo-DKDP Spatjal Light Modulator

The photo-DKDP Spatial Light Modulator (also called "PHOTOTITUS® (15)) has been
developed and s currently manufactured by Laboratoires d'Electronique et de Physique
Apfliguco in France, and has only recently become available for experimentation in the
Unite States (26). A schematic diagram of the photo-DKDP device is shown in Figure 14. A
wedged electrooptic crystal layer of deuterated potassium dihydrogen phosphate (DKDP) is
sandwiched between a dielectric mirror and a transparent electrode on a CaF substrate. A
photoconductive layer of amorphous selenium is deposited on the dielectric mirror, and |is
overcoated with a second transparent electrode. This assembly {s incorporated in an
evacuated two-stage Peltier cooler to allow operation near the ferroelectric Curie point of
DKOP (-~50°C), which enhances the resolution and storage time of the device while
significanctly reducing the half-wave voltage of DKDP to approximately 300V. This reduction
in operating voltage s critical in order to allow the incorporation of the Se
photoconductor, which effectively separates the read and write functions.

Operation of the photo-DKDP SLM is similar in most respects to the PROM operational
modes described above, as {s depicted schematically in Figure 15. 1In Figure 15(a), initial
application of a positive voltage V, to the Se electrode produces a voltage division among
the various layers. Exposure to appropriate wavelemgth write illumination (typically
440-520 nm) induces hole transport across the Se layer, reducing the voltage across the
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photoconductor and increasing the voltage across the electrooptic DKDP crystal
(Pigure 15(b)). In Figure 15(c), the electrodes have been short-circuited to produce a
positive readout image. The small residual voltage V, in the dark (unilluminated) region
arises from the finite dark conductivity of the photoconductive layer during the writing
cycle. Erasure is accomplished by subsequent uniform illumination of the photoconductor to
induce electron transport to the mirror interface, thereby reducing the stored electrostatic
field to zero. It should be noted that exposure wavelengths on the long wavelength side of
the selenium photoconductivity response will initiate bulk electron-hole pair generation
with resultant ambipolar diffusion. Sincethe mobility-lifetime product for electrons is
significantly smaller than that for holes, sensitometry curves resulting from primarily
electron transport differ from those characterized by primarily hole transport. These
differences are especially important for image subtraction applications (14).

The photo-DKDP spatial light modulator has been utilized in a wide range of coherent
optical data processing applications, and has demonstrated processing accuracies comparable
to those achievable with photographic film {nputs (26). The device as presently configured
has moderate sensitivity, storage capability, and the availability of image subtraction in
addition to other {mage preprocessing functions. The resolution s enhanced relative to
that exhibited by current PROM's due to the increase in dielectric anisotropy resulting from
Curie point operation. On the other hand, this very feature limits the contrast available
in non-collimated readout configurations due to large natural birefringence. The necessity
of cooling to,achieve proper device performance can led to nonuniformities in device
characteristics, since small temperature differences yield large changes in the magnitude
and ratio of the dielectric constants. The hygroscopic nature of DKDP necessitates the use
of an evacuated cell; however, even with this constraint the reported optical quality of
current devices is excellent (l14).

II1.4 Electron-Beam DKDP Spatial Light Modulator

The electron-beam DKDP SLM has been under development for many years for coherent
optical processing applications, and has been implemented during the past ten years in two
similar versions (12,13). The primary difference between this electrooptic spatial light
modulator and the.three previously described is the mode of address. As shown in Figure 16,
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Figure 15. Distribution of voltage as a FPigure 16. Electron-beam-addressed Pockels
unction of distance in the photo-DKDP c!icct imaging device using a DKDP (KD2PO4Q)
SLM at different operational steps for crystal plate operated in the reflection
illuminated (BR) and unilluminated (DK) mode. A constant current electron beam is
regions. (After Casasent, Ref. 14). used and the video signal is applied between

the transparent conductive layer and the
main grid placed at about 40 um from the
target. (After Marie, Ref. 13).
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charge is deposited on a dielectric mirror/electrooptic crystal layer by an axial (13) or
off-axis(12) electron gun driven in a raster pattern and grid-modulated by a serial (usually
video) input. The physics of operation ot this device thus combines several features of the
MSLM and the photo-DKDP SiM. The design, operation, and applications of this SLM have been
extensively documented (12,13) and are not treated herein. In addition to &8 wide range of
applications in optical data processing, the electron-beam DKDP spatial light modulator has
been successfully utilized for large-screen multi-color television projection display (13).

IV. Liquid Crystal Spatjal Light Modulators

A number of spatial light modulator technologies are based on the utilization of liquid
crystals. The attractiveness of liquid crystal layers for this application arises primarily
from several unusual characteristics of nematic liquid crystals, including large dielectric
snisotropies (resulting in low operating voltages), large birefringences (resulting in
sizeable polarization effects even in the thin cells necessary for rapid response times),
and a wide variety of possible alignment configurations. 1In this section, several liquid
crystal spactial 1light modulators are discussed, including some potentially exciting
modifications of the Hughes liquid crystal light valve, as well as two novel ligquid crystal
devices for nonlinear coherent optical processing applications.

IV.1 Hybrid Field Effect Liquid Crystal Light Valve

By far the most advanced spatial light modulator employing a liquid crystal layer as
the active electrooptic element is the hybrid field effect liquid crystal light valve (LCLV)
(27,28). The typical device configuration of the LCLV is presented in PFigure 17. A
transparent electrode and a chemically inert insulating layer (Si0O_) are deposited on an
optically flat glass substrate. The insulating $10, layer prevents dc‘current flow through
the device while simultaneously functioning as a preferred direction alignment layer for the
liquid crystal and as an ionic blocking layer to prevent cell poisoning effects. A biphenyl
nematic liquid crystal layer is confined laterally by a deposited thin f£ilm spacer, and
longitudinally by & second Si0, alignment layer. The liquid crystal layer is
photoconductively-addressed by a” thin £ilm of cadmium sulfide deposited on a transparent
electrode~coated optically flat glass substrate. Separation of the read and write functions
is accomplished by incorporation of a dielectric mirror and cadmjium telluride light blocking
layer between the liquid crystal layer and the CdS photoconductor, as shown.

In order to optimize the electrooptic properties of the 1liquid crystal layer for
coherent optical. processing applications, a hybrid field effect operational configuration is
employed (27). In chis configuration, the uniaxial 1liquid crystal molecules are
preferentially aligned (by means of appropriate surface treatment of the Si0, alignment
layers) with their long axes parallel to the electrode surfaces (homogeneous alignment). In
addition, the alignment directions on the two opposed surfaces are oriented to form an
included angle of 45°. This 45° twist imparts a continuous rotation of the 1liquid crystal
molecules from one sucrface to the other, as shown schematically in Figure 18. Since the
nematic liquid crystal employed in this device exhibits large birefringence (difference in
refractive indices for 1light polarized parallel and perpendicular to the molecular long
axis), the resultant twisted layer can be modeled as a succession of thin birefringent
layers, each oriented at a slight angle with respect to the immediately preceding and
following layers. Such an optical configuration has been shown to be equivalent under
certain conditions to a purely optically active layer (29), so that the polarization of
light traversing the layer undergoes a pure rotation of 45°.

The operation of the hybrid field effect liquid crystal layer can be explained with
reference to Pigure 19. In the T"off" state with no voltage applied across the ligquid
crystal layer, input light polarized parallel to the preferential alignment direction of the
entrance electrode experiences a positive 45° polarization rotation on traversing the layer,
and a negative 45° rotation following reflection from the dielectric mirror and a second
pass through the cell. Hence the emergent polarization §s parallel to the incident
polarization, and can be extinguished with a crossed analyzer to provide a dark off state.
When voltage is applied across the liquid crystal layer, the resulting longitudinal electric
field tends to align the liquid crystal molecules with the £field direction (due to tne
positive dielectric anisotropy of the molecules). This "tilt®™ toward perpendicular
alignment from parallel alignment varies continuously between the two surfaces, and |is
latgest in the center of the layer where the surface alignment forces are weakest. Due to
the physical nature of the intermolecular forces, as the tilt angle increases in a given
layer, the transmittance of the twist angle is weakened. Hence as the voltage is increased,
molecules in the layer center approach a perpendicular orientation, allowing molecules near
each surface to relax toward an untwisted state with orientation parallel to the induced
surface orientation. The polarization of incident light will thus be relatively unaltered
by the front half of the cell on the first pass, but will encounter a birefringent layer
oriented at 45° in the rear half of the cell, causing the polarization of light striking the
dielectric mirzor to be elliptical. Since birefringence adds on reflection (rather than
cancels as in the case of optical activity), the emergent polarization from the cell will in
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Figure 17. Cross-sectional schematic of
the hybrid field effect liquid crystal
light valve. (After Bleha, Ref. 27).
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Pigqure 19. Operation of the hybrid
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effect liquid crystal light valve:
(a) the off-state;

(b) the on-state.

(After Bleha, Ref. 27).
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Figure 18. Schematic of 45° twisted
nematic liquid crystal alignment (hybrid
ti:ld ;ffcct model). (After Bleha,

Ref. 27).
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Figure 20. The phase response (in
mugtIpIcs of 2n rad) of the hybrid field
effect LCLV as a function of input
irradiance. The arrows indicate the
relative configuration of the polarization
of the coherent beam entering the device
(Eyn), the molecular orientation at this
potn: (L), and the orientation of the
analyzer (Egut). (After Gara, Ref. 37).
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general be elliptical, such that the appropriate component will be passed by the crossed
analyzer. A detailed analysis of the cell ctransmission as a function of voltage nhas
recently been performed (30-32).

In order to function as an optical-to-optical converter, the LCLV requires a mechanism
for spatially-dependent variation of the 1liquid crystal layer voltage in response to an
input image intensity distribution. This function is performed by the CdS/CdTe
heterojunction in series with the capacitance of the multilayer dielectric mirror. Analysis
of the operation of this structure (33,34) shows that photocapacitive as well as
photoconductive processes must be considered to fully explain the observed LCLV sensitometry
behavior. The LCLV requires low operating voltages (5-10 V rms) at intermediate frequencies
(1-10 kHz2).

The principal advantages of the hybrid field effect 1liquid crystal 1light valve for
coherent optical processing applications are good sensitivity and resolution
characteristics, full separation of the write/read functions (which allows for the
possibility of single wavelength optical feedback, for example), simplicity of operation,
and low power requirements. The sensitometry characteristics of the LCLV depend rather
strongly on the magnitude and frequency of the applied voltage (35,36); this feature can be
used to advantage in some applications, but also contributes to device nonuniformity effects
(36). Device uniformity in both the off and on states has been shown to be 8 quite
sensitive function of 1liquid crystal layer thickness (30-32), which {s particularly
difficult to control in such a multilayer structure. Device reproducibility (both within a
given device and from device to device) {is dependent primarily on the deposition
characteristics of the cadmium sulfide and cadmium telluride layers, since the optical and
electronic properties of I1-VI compounds are strong functions of deposition conditions. The
device response time varies as a function of Iinput intensity (primarily due to the
characteristics of the CdS photoconductor), which when coupled with the lack of storage
capability leads to temporal variations of the diffracted orders in the Pourier plane during
operation, and in some cases to image ghosting with slow decay time constants in brightly
exposed regions of the images. A number of these difficulties are due primarily to the
utilization of CdS as the photoconductor, and should be eliminated with the advent of the
Si-LCLV described below. Finally, it {s important to note that the hybrid field effect
structure gives rise to an input-intensity-dependent phase shift of the output wavefront
cg;t is a further function of the relative orientation of the LCLV, polarizer, and analyzer
(37).

Iv.2 Silicon Liquid Crystal Light Valve

Recently, a major potential technological advance {n 1liquid crystal 1light valve
technology has been reported (38), resulting from incorporation of a silicon photoconductor
in a hybrid field effect device. The structure of this novel 1light valve {is shown in
Figure 21. The active liquid crystal layer is the same as that described previously for the
CdS-addressed LCLV. The CdTe layer has been replaced with a cermet 1light blocking layer,
composed of a multilayer structure of metallic (tin) islands dispersed in insulating (SiO,)
layers. A silicon dioxide gate insulator is coupled to a very, high resistivity n-silicon
wafer to form an MOS structure. A thin degenerately doped p layer forms the rear device
electrode, and is overcoated with a thermally grown protective oxide coating. A square
p-doped grid Just beneath the S§i0; gate insulator serves to enhance the device resolution
(as described below), and p° i{solation channel stops surround the periphery of the wafer to
minimize minority carrier injection into the active region.

When the Si/S10, interface is biased into accumulation, recombination at the interface
erases any residual z-aqo and readies the device for the active mode. The susto2 intecrface
is then biased into depletion (depleting not only the p-grid but also the entire® wn-silicon
layer), and the w~silicon side is flluminated with the input image. Illumination produces
local electron-hole pair generation near the back contact, with electrons subsequently swept
to the Si/Si09 interface by the field across the r-silicon layer. Calculations show there
to be only ncqlfqlblc spreading of the swept-electron distribution during traversal across
the wafer (39). In addition, the depleted p-grid is more negative than the surrounding
n-regions, which acts to focus the incoming electrons into the r-buckets near the Si/Sio
interface. The p-grid also prevents significant charge spreading during the readout cycle.
Due to the sequential accumulation/depletion cycle, the mode of operation is fully ac, which
significantly extends the 1lifetime of the 1iquid crystal layer. Once the image-induced
charge pattern has been established at the Si/Si0, interface, the electric field across the
ligquid crystal layer will be modulated such that the device may be read out in reflection
just as described above for the CdS/CdTe LCLV.

Current performance parameters of the S1/LCLV are quite encouraging, with limiting
resolution of 25 lp/mm at present limited by a 20 um period grid, 20 uW/cm® sensitivity, and
a8 contrast ratio of 30:1 (39). The device has been successfully operated at TV frame rates.
wWith the incorporation of & grid with 6 um period, the limiting resolution should be
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Functional schematic of the
-addressed liquid crystal light valve.
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p extendable to 150 lp/mm. The liquid crystal layer is expected to accommodate such high f
< spatial frequencies, since the presence of grid lines 3 um wide has been observed in several '

® test structures (39). The silicon photosensitivity spectrum extends from the near uv (400
na) into the near {r (1.1 um) with high quantum efficiency. Hence such Si-LCLV's should

7

b
P find numerous applications in optical data processing, including real-life scene input { 4
t situations. _ o
g IV.3 CCD-Addressed Liquid Crystal Light Valve _:j
s A
] Much of the new technology evident in the Si-LCLV is being utilized to mate a high Eﬁd
l‘ bandwidth serial/parallel CCD register to a modified Si-LCLV for optical processing ®
applications requiring a serial input format (40). As illustrated in Figure 22, the -
4 CCD-LCLV is similar in configuration to the Si-LCLV described above. The differenae between ‘.
{ the two consists primarily in the placement on the uppermost r-silicon surface of a surface o
channel CCD array. Proper sequencing of the clock lines 91-¢4 Propagates electron packets At
under each gate. Subsequent positive bias of the 1liquid crystal electrode drives the N
electron packets to the sx/sxoz interface, where they are focused and prevented from lateral .
: diffusion by the implanted p-q9rid. A functional schematic diagram of the CCD array is shown S
@ in PFigure 23. The input {s serislly transferred by the series clock into the CCD buried ‘
channel series register until an entire line of data is recorded. The line of data is then .
transferred in parallel to the adjacent CCD surface channel parallel structure as shown. )
When all CCD registers are full, representing a complete frame of input information, the e,
bias voltage is changed to drive the entire stored electron packet array to the Si/sioz L

interface. At this point, the two-dimensional image can be read out in reflection by
polarized {llumination from the 1liquid crystal side of the device, as shown. The buried
channel serial array is necessitated by the 100 MHz design clock frequency, while the slower

'Y (100 kHZ) parallel array requires surface channel technology to allow for subsequent charge
transfer to the Si/Si0, interface.
Current CCD-LCLV chicos are 64x64 arrays of elements on 1.3 mil centers (total active ~}}
area 83 mils square) (39). A 256x256 element array is presently under developmept, with an "y
eventual goal of a 1000x1000 element array operating at 100 kHz per 1line. Such a device o
would operate at an overall frame rate approaching 100 HZ. Several difficult technical R¢

problems currently under investigation include the quality of image transfer from the CCD to
the LC layer, development of the novel buried channel® serial/surface channel parallel CCD
® approach, uniformity of processing of the very high resistivity w-silicon wafer, and the
processing delicacy required for the S mil thinned wafers. Achievement of these design
goals will represent a long-awaited major breakthrough in serial input/parallel output

?

spatial light modulator technology. :f'
IV.4 Multiple Perfod Liquid Crystal Light Valve ol
A
A technique for optically performing parallel analog-to-digital conversion on Rt
1) incoherent two-dimensional inputs at real-time rates utilizing a multiple period liquid :i
crystal light valve has been recently described (41). This MP LCLV is similar in

construction to the hybrid field effect LCLV with the notable exception that the liquid

crystal layer was homeotropically aligned (long molecular axes perpendicular to the ::
electrode in the “off® state). The 1liquid crystal chosen has negative dielectric Ny
anisotropy, so that application of a voltage across the layer tends to rotate the molecules A%
parallel to the electrodes. The nagnituds of the rotation is a function of the applied .\}
voltage, so that readout light polarized at 45° with respect to the projection of the long ;?

¢ molecular axis on the electrode surface (in the partially rotated state) will experience

pure birefringence on traversal of the cell. Por 1liquid crystals with large optical ?
anisotropies (and for thick enough cells), the total phase retardation can be many multiples -J:

of 2n. Since the local voltage across the liquiad crystal layer can be
photoconductively-addressed, the overall relationship between the intensity transnlttancangf
)

the device and the incident intensity at any point is given ideally by the sinusoidal (si :Jt
curve shown by a dJdashed line in Pigure 24. In Figure 24(a), optical or electronic .:s
thresholding of the device transmittance at one half produces the least significant bit of A
® the reflected or Gray code. Rescaling the input intensity by a factor of one half produces -
the device transmittance curve shown in Figure 24 (b). Thresholding of this curve at one o
half produces the next most significant bit, and so on. Sequential rescaling as shown in -
figure 24 (a-c) produces the 1 least significant Gray-code bit planes in sequence. Parallel -
rescaling is also possible utilizing 3 periodically repeated attenuating strips on the T
device surface of attenuation factors 1, 1/2, and 1/4, respectively (41). o
Fa)
Due to the nonlinear sensitometry effects associated with the cadmium sulfide o
¢ photoconductor described in Section 1IV.1l, the actual device response curve departs By
significantly from the ideal behavior of Pigure 24. The response curve of the actual device y
utilized for the A/D conversion experiments is shown in Figure 25. The aperiodic nature of o~
the device response curve necessitated nonuniform quantization level assignments, as shown N
in the (tigure. Nevertheless, real time parallel three~bit A/D conversion was performed w
successfully with this device (41), with an estimated potential A/D conversion rate of ::
.‘-
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1.2x108 points per second for curtently available device parameters. Development of a LCLV
with 8 more nearly periodic response function would significantly advance the potential of
this technique, but requires linearization of both the photoconductor response and the
relationship between applied voltage and effective birefringence.

IV.S Variable Grating Mode Liquid Crystal Device

Variable grating mode (VGM) liquid crystal devices offer a new approach to the problem
of optical transducers (42-44) for nonlinear optical processing and optical logic and
computing applications. The basic function of the VGM device is ¢to perform an
intensity-to-spatial frequency conversion over a two-dimensional {image field. In this
process, the intensity variations of an input image are converted to local spatial frequency
variations in a phase grating structure within. the liquid crystal layer. Due to this
intensity~-to-spatial frequency conversion, a standard spatial filtering system can be used
to manipulate the input intensities.

The principal element of the variable grating mode device is a thin layer of liquid
crystal that is observed to form periodic stripe domains in the presence of an applied
voltage. The formation of the domains results in a phase grating characterized by a spatial
frequency that depends on the magnitude of the voltage across the liquid crystal layer. The
grating period can be optically controlled by placing a two-dimensional photoconductive
layer in series with the layer of liquid crystal. The structure of the photoactivated
device is shown schematically in Figure 26. The sputter-deposited 2nS photoconductor and
the 1liquid crystal layer are sandwiched between indium tin oxide transparent electrodes
deposited on optically flat glass substrates. To operate this device, a dc voltage is
impressed across the electrodes. The thin film structure i{s designed to accept most of the
drive voltage when the photoconductor is not illuminated, such that the fraction of the
voltage that drops across the liquid crystal layer is below the activation threshold of the
VGM effect. Illumination incident on a given area of the photoconductor reduces its
impedance, thereby increasing the voltage drop acgoss the liquid crystal layer and driving
the 1liquid crystal into its activated state. Thus, due to the VGM effect, the
photoconductor converts an input intensity distribution into a local variation of the phase
grating spatial frequency. The variation of optical frequency with voltage across the
ligquid crystal layer {» quite linear for a wide range of VGM liquid crystals, as shown in
Figure 27. The fundamental origin of the VGM effect is not well understood, and is the
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subject of current investigation.

The intensity-to-spatial frequency conversion capability of the VGM device allows the
implementation of arbitrary point nonlinearities with simple Fourier plane filters. As
discussed above, when an input image illuminates the photoconductive layer of this device,
the intensity variations of the input image change the local grating frequency. If conerent
light is utilized to Fourier transform the processed image, different spatial frequency
components (corresponding to different input intensities) of the encoded image appear at
different locations in the Fourier plane. Thus, by placing appropriate spatial filters in
this plane it {s possible to obtain different transformations of the input intensity in the
output plane as depicted in Figure 28. This figure describes the variable grating mode
nonlinear processing function graphically. The input intensity variation is converted to a
spatial frequency variation by the characteristic function of the VGM device (upper
right-hand quadrant). These variations are Fourier transformed by the optical system and
the spectrum is modified by a filter in the Fourier plane (upper left-hand quadrant).
Finally, a square-law-detection produces the intensity observed in the output plane (lower
left-hand quadrant). Considered together, these transformations yield the overall
nonlinearity (lower right-hand quadrant). Design of a proper spatial filter for a desired
transformation is a relatively easy task. For example, a level slice transformation
requires only a simple slit that passes a certain frequency band or bands.

To visualize how the VGM device can be used to implement 1logic operations, one need
only realize that the function of a logic circuit can be represented as a simple binary
nonlinearity. The input-output characteristics of the common logic functions are shown in
Figure 29. The input in this figure 4is the simple arithmetic sum of two input image
intensities corresponding to logic levels 0 or 1, as shown in the experimental arrangement
depicted in Figure 30. For example, NOT is simply a hard-clipping inverter, AND and OR are
hard-clippers with different thresholds and XOR is a level slice function. In the VGM
approach, such binary nonlinearities can be directly implemented by means of simple slit
apertures (4l1). Thus the particular binary logic function implementqd is fully programmable
merely by altering the (low resolution) Pourier plane filter. In addition, the input and
output functions are physically separate, which provides for the possibility of level
restoration of degraded inputs. This feature is essential to the production of a reliable
logic system that is immune to noise and systematic errors.

Many logic functions which would normally require multiple gates to implement can be
obtained directly with a single VGM cell. An important example is the full-adder where two
input bit planes and the carry bit plane are imaged simultanecusly onto the VGM device,
generating four possible input intensity levels as shown i{n Figure 3l. The four resulting
diffracted orders can be filtered to generate the sum bit plane using the positive orders
and simultaneously the carry bit plane using the negative orders. Thus, a full addition can
be performed in a single pass through the device. Functions requiring matrix-addressable
look-up tables can be generated by utilizing two orthogonally oriented VGM devices in
conjunction with a two-dimensional Fourier plane filter. Several such functions are
tequired for optical implementation of residue arithmetic. Finally, in addition to the
combinatorial logic functions discussed above, sequential logic may also be implemented with
appropriate feedback.
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A bl T - 1 0 Ql"u'
p. ]

< T
i * e

host) .-~
] A :
VoM l o.nw

Aeadout davics

Seom
rig%ro 30. Experimental arrangement for Figure 31. Implementation of a single
performing logical operations on 2-D pass fu adder with a VGM device. The
binary inputs with a VGM device. (After inputs A and B represent two binary
Chavel, Ref. 42). images ‘(bit-planas) to be added, while

input C represents tne carry-bit-plane
from the previous operation.




LAl il T R S
P

MAMANEREACREASLES O CARLEAE LA GAROACMC A S el G SiDe /Al et AnON SAVL At a8 e o ot 0 N e Syl A e AT St oA

.t

Mt=h L agr)

-

A T T P T P B e c - o
-

79

The wide range of nonlinear optical processing applications described above
demonstrates the tremendous flexibility inherent in the intensity-to-spatial frequency
conversion process. It is unfortunate that at present, the VGM device represents the only
available real time implementation of this operation. The present major shortcomings of the
device are grating imperfections (which give rise to broadening of the diffracted orders),
speed of response (on the order of one second), and lifetime. Improvements in all of these
areas may be anticipated, since tho VGM liquid crystal device is at an early stage of
development.

V. Photorefractive Spatial Light Modulators

Until quite recently, the recording of volume holograms in photorefractive materials
has been primarily investigated for applications in archival storage and high resolution
holographic memories. Applications to coherent optical processing were limited by extremely
low writing sensitivities in available electrooptic materials. Recentlv. however, a number
of electrooptic materials have been {nvestigated which exhibit holographic recording
sensitivities comparable to that of photographic £ilm, including iron-doped lithium niobate
(45), strontium barium niobate (46), bismuth silicon oxide and bismuth germanium oxide (47),
and barium titanate (48). The availability of appropriate materials for real time volume
hologzaphic storage has spawned interest in several optical data processing applications,
incuding phase-conjugate wavefront generation (49), double-exposure and time average
holographic interferometry for non-destructive testing (50,51), real time
correlation/convolution (52,53), and sdge enhancement (54,55). The use of photorefractive
materials as spatial light modulators necessitates the use of coherent input and output
beans, and as such represents a departure from the traditional function of
incoherent-to-coherent conversion in SLM's. However, such devices may be utilized as
Pourlier plane holographic filters in conjunction with an {ncoherent-to-coherent or
electron-beam-addressed SLM, and in applications (such as multiple exposure holographic
interferometry and phase-conjugate wavefront generation) requiring coherent sources.

The physical origin of the photorefractive effect is shown schematically in Figure 32
{(S6). The intensity interference pattern of two monochromatic coherent plane waves with
angular separation 20 is characterized by a grating vector k = 4n(sin6)/A oriented
perpendicular to the acute bisector of the plane wave propagation vectors. Within the
photorefractive material, elither electron-hole pair generation, or electron (hole)
excitation from trap states to the conduction (valence) band, or both may occur at a rate
proportional to the local intensity. Free carriers so created will diffuse due to the
spatially-varying concentration gradient, and will subsequently be trapped preferentially in
regions of lower intensity. This charge redistribution can be enhanced by application of an
electric field parallel to the grating wave vector. The resultant spatial variation in the
charge distribution replicates the grating spacing of the intensity interference pattern,
generating a periodic modulation of the local space charge field, which in turn modulates
the local refractive indices through the Pockels (electrooptic) effect. The refractive
index grating so formed creates a volume phase hologram within the bulk of the electrooptic
material, which can be read out by a third monochromatic beam of appropriate polarization
counterpropagating along either of the two writing beams. Both transmission and refection
holograms may be stored dependent on the orientation of the crystal with respect to the
writing beams, as well as on the included angle 20. The sensitivity and maximum diffraction
efficiency of the photorefractive holographic storage process are functions of the density
of carriers available for photoexcitation, the density of available traps for charge
redistribution, the magnitude of the electrooptic coefficient, the relative intensities of
the vriting beams, the magnitude of the applied field (i{f any), the mobility-lifetime
product of the liberated photocarriers, and the grating period, in addition to numerous
geometrical factors. Simultaneous optimization of these considerations places many
constraints on the selection of appropriate electrooptic materials, and consequently
emphasizes continued research on desirable material modifications (primarily doping and
improvements in growth techniques for enhanced optical quality) and chacracterization of the
relevant optoelectronic properties of electrooptic materials.

Photorefractive materials have several notable advantages for coherent optical
processing applications. Since both image plane and Fourier plane holograms can be recorded
will equal ease, great flexibility in optical processing configurations can be made use of.
For example, an optical system that is capable of performing real time correlations and
convolutions is shown schematically in Fi{gure 33 (52). A similar system configuration that
allows implementation of image edge enhancement is shown schematically in Figure 34 (55).
In this latter application, use is made of the nonlinear dependence of the diffraction
efficiency on the modulation index of the two writing beams by adjusting the reference beam
intensity to lie between the bright and dark object {ntensity levels to enhance the
diffraction efficiency in the transition regions where the modulation index approaches
unity. A second notable feature of photorefractive materials is extremely high resolution,
as depicted graphically in Figure 35. The marked dependence of the amplitude modulation
function on the magnitude of the applied field (see Figure 35) allows the possibility of
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Pigqure 33. Real time degenerate four-wave
n1x¥n9 convolution/correlation geometry.
All input optical fields are at frequency
w. The beam splitter (BS) is necessary
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Figure 135.
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Amplitude modulation transfer
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achieving spatial light modulation with essentially flat MTF characteristics out to spatial
frequencies in excess of 1000 line pairs/mm.

VI. Future Directions for Research

In this concluding section, a number of potentially profitable directions for research
are presented in addition to those indicated in preceeding sections. Research on the
fundamental physical limitations of each candidate spatial 1light modulator technology |is
critical both to optimization of current device design and performance, and to meaningful
performance comparisons irrespective of current technological limitations. Such comparisons
are essential in the assessment of the ultimate potential of each technological approach.
This research must be broadly extended to include increased efforts in the materials growth,
deposition, processing, and characterization areas, since most of the devices discussed
above have been shown to require relatively unique materials properties simultaneously in
several distinct materials classes (e.g., the 1liquid crystal light valves require high
resistivity photoconductors, thin film blocking layers, thin film dielectric mirrors, and
appropriate 1liquid crystals). Very 1little work to date has been reported on attempts to
develop high speed spatial light modulators for high frame rate applications. All of the
approaches described above are {inherently -’ slow and cannot be expected to significantly
exceed TV frame rates. Limited frame rate capability will become a major bottleneck in the
development of advanced real time optical processing systems and subsystems. Research on
the optoelectronic properties of photorefractive materials may yield improvements in both
sensitivity and wmaximum diffraction efficiency. Realization of such improvements would
result in widespread availability of inexpensive, real time holographic storage and
processing devices. The enormous processing flexibility for 1linear, nonlinear,
combinatorial logie, and sequential logic point operations inherent in the
intensity~-to~spatial frequency conversion process will hopefully stimulate other possible
approaches in addition to that offered by the variable grating mode liquid crystal device.

.In the area of real time parallel nonlinear optical processing, strong demand exists for

high quality ctwo-dimensional variable level slice and threshold functions. Although recent
progress in optical bistability has been substantial, most current approaches are either
one-dimensional or even single channel. Many "linear® optical processing operations such as
correlation, convolution, and Fourier plane filtering require some form of threshold at the
output for eventual system implementation.
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